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FFUB-FLIGHT INVESTIGATION OF REENTRY HEAT TRANSFER AND 

ABLATION AT VELOCITIES UP TO 22,500 FEET PER SECOND* 

By Bernard Rashis and Brian J. O'Hare 
Langley R e  search Center 

SUMMARY 

+-+--+ 
A f i f t h  propulsion stage incorporating a spherical  rocket motor w a s  added 

, t o  the  NASA Scout launch vehicle. This spherical  rocket motor and i t s  associ-  
a ted experiment envelope comprised t h e  reentry vehicle which weighed 300 pounds 
p r i o r  t o  f i r i n g  and provided an addi t iona l  ve loc i ty  increment of 5,000 fps.  
Measurements of heat t r ans fe r  were obtained f o r  a reentry ve loc i ty  of 
22,300 f p s  over an a l t i t u d e  range of  390,000 f e e t  t o  200,000 feet. During 
t h i s  reentry period, the penetration angle w a s  -15' and the ve loc i ty  package 
had a b a l l i s t i c  coef f ic ien t  of approximately 130 lb/sq f t .  
ments were obtained a t  ve loc i t i e s  and a l t i t u d e s  t h a t  ranged from 22,000 fps a t  
an a l t i t u d e  of approximately 180,000 f e e t  t o  4,200 fps  at an a l t i t u d e  of approx- 
imately 60,000 f e e t .  

Ablation measure- 

Heat-transfer measurements were obtained with the  use of a thin-wall 
inconel calorimeter t o  which thermocouples were attached. Ablation measure- 
ments were obtained with the use of a Teflon nose cap i n  which ablat ion sensors 
were imbedded. The Teflon w a s  exposed t o  the airstream when the  inconel cap 
melted o f f .  I n  addition t o  these primary measurements, the angular rates and 
l i n e a r  accelerat ions were measured. Also, the  received s ignal  s t rength from 
the  telemeter t ransmi t te rs  and the  forward and re f lec ted  transmission l i n e  vol- 
t ages  were measured. 

. 
load underwent la rge  var ia t ions  i n  angles of a t tack.  A technique w a s  developed 
which enabled the  predict ion of t h e  heating with angle of a t tack .  
d ic ted  Teflon ablat ion a t  t h e  center of t he  nose, when corrected f o r  angle of 
a t t ack ,  w a s  0.185 inch as compared with a predicted value of 0.1877 inch. 

and the  associated l o s s  i n  t h e  performance of t he  antennas. 

Dynamic motion data  indicated t h a t  during the  tes t  period the  f l i g h t  pay- 

The pre- 

The 
reent ry  blackout boundaries were determined from the changes i n  s igna l  

INTRODUCTION 

The Langley Research Center i s  currently conducting fl ight invest igat ions 
at supercircular  ve loc i t i e s  for  the  purpose of advancing t h e  state of the  art 



of manned lunar  technology with special  emphasis on t h e  problems of heating and 
thermal protection. The invest igat ions w i l l  provide checks f o r  the  accuracy of 
ana ly t ica l  procedures and a l so  assist the  user i n  the  in te rpre ta t ion  of r e s u l t s  
obtained i n  ground research f a c i l i t i e s  where t h e  models used are generally 
small, the  ve loc i t i e s  generally lower, and the  t e s t  environment does not dupli-  
cate t ha t  encountered during reentry a t  supercircular ve loc i t ies .  

A s  an i n i t i a l  s tep  i n  t h i s  invest igat ion,  a ve loc i ty  package which incor- 
porated a spherical  rocket motor was added t o  the  NASA Scout launch vehicle.  
The overa l l  vehicle,  known as the five-stage reentry Scout, i s  capable of 
launching r e l a t ive ly  large payloads t o  supercircular reentry ve loc i t i e s  and has 
a wide range of a l t i t u d e  and penetration angle. 
veloci ty  package, which weighed approximately 300 pounds, increased the  m a x i m u m  
veloci ty  capabi l i ty  f o r  t h i s  Scout model t o  26,500 fps. 

For the  present f l ight ,  t he  

The planned and ac tua l  impact locat ion of the  ve loc i ty  package w a s  near 
enough t o  Bermuda t o  permit use of radar at  Bermuda, op t i ca l  t racking equipment, 
and ground-based telemeter s ta t ions .  
s i t e  at the  NASA Wallops Stat ion and the  Bermuda s t a t ions  provided sa t i s f ac to ry  
means of communication and coordination. 

Radio-telephone l i n k s  between the  launch 

The primary measurements, heat t r ans fe r  and ablat ion rates, were obtained 
i n  two phases. 
w a l l  inconel nose cap t o  which thermocouples were attached. 
about 25 seconds of measurable temperature rise rates before melting. 
t h i s  period the  payload ve loc i ty  w a s  about 22,500 fps.  
from approximately 400,000 f e e t  t o  200,000 feet .  

The heat- t ransfer  measurements were obtained by using a thin-  
The cap provided 

During 
The a l t i t u d e  ranged 

The ablat ion measurements w e r e  obtained by using a Teflon nose cap i n  
which ablat ion sensors were imbedded. The Teflon w a s  exposed t o  the  airstream 
when the  inconel cap melted. During t h e  ablat ion period, the  payload ve loc i ty  
varied from about 22,000 fps  t o  about 4,000 fps,  and the a l t i t u d e  varied from 
approximately 180,000 f e e t  t o  60,000 feet. 

I n  addition t o  these primary measurements, t h e  angular r a t e s  and l i n e a r  
The received s igna l  accelerat ions of the  vehicle and payload were measured. 

s t rength from the  telemeter t ransmi t te rs  and the forward and re f lec ted  trans-. 
mission l i n e  voltages a l so  were measured. 
telemeter blackout region boundaries f o r  t h e  f l i g h t  t es t .  

These measurements indicated the  

The purpose of t h i s  paper i s  t o  present  the r e s u l t s  and ana lys i s  of t h e  
heat-transfer and ablat ion measurements. 
load dynamic motion data  i s  beyond t h e  scope of t h i s  paper, only t h e  r e s u l t s  
d i r e c t l y  per t inent  t o  t h i s  paper are presented. 
out region i s  a l so  presented, but these da t a  should be considered as applicable 
s t r i c t l y  t o  t h i s  f l i g h t  t es t .  

Since ana lys i s  of the vehicle and pay- 

The information on t h e  black- 
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longi tudinal  accelerat ion,  g uni t s  

normal acceleration, g u n i t s  

transverse acceleration, g u n i t s  

heat- t ransfer  coef f ic ien t ,  Btu/( sq f t )  (sec)  (OR) 

integrated average heat- t ransfer  coeff ic ient ,  Btu/( sq f t )  ( sec) (OR) 

e f fec t ive  heat of ablat ion,  Btu/lb 

enthalpy, Btu/lb 

ablated length,  in. 

free-stream Mach number 

Prandt l  number 

heating rate, Btu/( sq f t )  ( sec) 

radius  of curvature of nose, f t  

e f f ec t ive  radius  

normal distance from center l i n e  t o  corner ( f ig .  16), f t  

dis tance measured from center of nose face along outside of skin, f t  

temperature, OR 

t i m e ,  sec 

veloci ty ,  f’ps 

angle of a t tack ,  deg 

stagnation ve loc i ty  gradient 

v i scos i ty ,  lb / f t - sec  

density,  lb/cu f t  

angle of ro ta t ion  (sketch 1 i n  appendix), deg 
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Sub s c r i p t s  : 

aero aerodynamic 

as aerodynamic stagnation point 

a w  ad iaba t ic  w a l l  

F f l i g h t  

f f orebody 

gc geometric center  point  of nose face 

hs  hemi sphere 

0 sea l e v e l  

S s t  agnation 

W w a l l  I 

to f r e e  stream 

DESCRIPTION OF PAYLOAD AND V E H I C U  

Velocity Package 

The ve loc i ty  package w a s  a b lunt  cone approximately 3 f e e t  i n  length,  
having a blunt  face with 
The major components of t h e  ve loc i ty  package were t h e  inconel calorimeter cap, 
t he  Teflon nose cap, t he  Teflon covered conical afterbody, t h e  telemetry con- . 

t a i n e r ,  and the  l7-inch spherical  rocket motor. Figure 1 shows the  d e t a i l s  of 
t he  ve loc i ty  package configuration and t h e  loca t ion  of t h e  major components. 
The ve loc i ty  package i s  a l s o  re fer red  t o  as t h e  payload. 

rn/rc = l/3 and a go half-angle conical forebody. 

Inconel Calorimeter 

A t h i n  w a l l  inconel calorimeter, 0.075 inch th i ck  on t h e  nose and 
0.029 inch th i ck  on the afterbody, w a s  used t o  obtain hea t - t ransfer  measure- 
ments. The inconel cap w a s  fastened t o  t h e  f r o n t  end of a magnesium sleeve. 
The rear end of t h e  sleeve was threaded t o  t h e  cy l ind r i ca l  por t ion  of t h e  Teflon 
nose cap. The magnesium sleeve a l so  supported a f rangib le  shield of aluminum- 
covered f i b e r  g l a s s  located between the  inconel and Teflon nose caps. 
f rangib le  sh ie ld  and magnesium sleeve were designed t o  remain i n  place u n t i l  
t h e  e n t i r e  inconel cap melted of f  the nose. The f rangib le  sh i e ld  prevented t h e  
heated inconel from damaging the  thermocouple leads  extending from the  inconel 
and a l s o  prevented t h e  molten inconel from damaging the  f r o n t  face of t h e  
Teflon cap. 

4 
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Teflon Nose Cap 

The Teflon nose cap, which became exposed t o  the airstream when the 
inconel cap melted, w a s  machined from a single piece of Teflon and w a s  backed, 
f o r  addi t iona l  strength,  by a 1/8-inch-thick sheet of f iber  g lass  t h a t  w a s  
bonded t o  the Teflon. 
i n  tu rn  was threaded t o  the  f ront  end of the conical forebody. 

The Teflon nose w a s  threaded t o  a magnesium r ing which 

Conical Forebody 

The conical forebody consisted of a magnesium substructure tha t  was covered 
by a 0.3-inch-thick shield of Teflon material. 

g l a s s  r ings.  The forward and aft  magnesium sect ions were used as antennas. The 
f iber  g lass  r ings served as e l e c t r i c a l  insulators  fo r  t he  antenna sections.  A 

flange f o r  t he  telemeter canis ter .  The veloci ty  package w a s  i so la ted  from t h e  
rest of t h e  vehicle by a t h i r d  f i b e r  g lass  r ing fastened t o  the  rear of the aft  
antenna section. This r ing  a l so  had a machined flange t o  which the  17-inch 
rocket motor w a s  attached. The e n t i r e  substructure w a s  assembled as a un i t  
p r io r  t o  being covered by Teflon. The Teflon, which does not a t tenuate  the 
radio transmissions, w a s  constructed as a single piece and bonded t o  the sub- 
s t ruc ture  with epoxylite cement. 

The substructure w a s  made up of 
. t h r e e  0.06-inch-thick magnesium sections that  were held together by two f i b e r  

.magnesium flange attached t o  t h e  center magnesium section served as a holding 

Telemetry 

The telemetry instrumentation i n  the veloci ty  package w a s  an FM/FM system 
of 1 4  standard Inter-Range Instrumentation Group ( I R I G )  subcarrier frequency 
data channels which modulated two separate radio-frequency (RF) ca r r i e r  l i n k s  
to.ground receiving s ta t ions .  
(real-time data transmission); the  other  RF l i n k  telemetered the  same data but 
t he  transmission w a s  delayed approximately 56 seconds by means of a continuous 
loop tape recorder onboard the  veloci ty  package. 

One RF l i n k  telemetered data  as it occurred 

. Normally, only one transmission system i s  required but a study of the tra- 
jectory indicated t h a t  a period of radio blackout ( ionizat ion a t  the  antennas) 
would occur; therefore ,  i n  order t ha t  the  data not be l o s t  during t h i s  blackout 
period, t h e  data  from the  second RF l i n k  were delayed f o r  a period of t i m e  
&rea ter  than the  %lackcut duration. Thus, an overlay of t he  real-time data  
from the two transmissions t o  the  ground s ta t ions  provided continuous data f o r  
t h e  e n t i r e  f l i g h t  even though reception was l o s t  during ionization. 

One of t h e  subcarrier channels was a coded timing system which insured 
that t h e  real-time da ta  were accurately located on both the d i r ec t  and delayed 
ground s t a t i o n  records. I n  addition, because of var ia t ions  i n  t h e  tape speed 
of t he  recorder,  a compensating signal subcarrier 
this s igna l  recorded on t h e  f l i g h t  tape,  the tape 
pensate f o r  va r i a t ions  i n  the  tape speed. 

channel w a s  included. With 
playbacks automatically com- 
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Seven of the  subcarrier channels were u t i l i z e d  t o  provide continuous in-  
f l i g h t  measurements of t he  ve loc i ty  package performance and a t t i t ude .  
instruments consisted of th ree  rate gyros (pi tch,  yaw, and r o l l )  and four l i n e a r  
accelerometers (two longitudinal,  one transverse,  and one normal). Three of t h e  
channels, which were commutated, provided the  thermocouple measurements. A 
four th  commutated channel provided the  measurements of t he  ablat ion sensors. 
With the  exception of the  thermocouples and ablat ion sensors, t h e  telemeter 
e lectronics  and instruments were contained i n  a "sealed from the  atmosphere" 
container. 

The 

Spherical Rocket Motor 

The spherical  rocket motor incorporated i n  the  ve loc i ty  package was a 
17-inch-diameter Cetus-I. 
graphite,  an average th rus t  of approximately 860 pounds, and a burning t ine of 
approximately 43 seconds. 
some performance values f o r  t h e  motor a re  given i n  f igure 2. In t h e  nomencla- 
t u r e  of t h i s  report ,  t h i s  motor i s  cal led the  f i f t h  stage. 

This motor has an i n t e r n a l  nozzle constructed of 

The overa l l  dimensions, the per t inent  d e t a i l s ,  and . 

Adaptor Connecting Fourth and F i f t h  Stages 

An adaptor o r  t r a n s i t i o n  section was used t o  connect the  t h r u s t  face of 
t h e  Scout four th  stage t o  the  f i f th -s tage  motor nozzle. Some of t he  instrumen- 
t a t i o n  used p r io r  t o  f i f th -s tage  ign i t ion  w a s  housed i n  this adaptor section. 
A C-band radar beacon with antennas, f i f th -s tage  ign i t ion  batteries, and some 
instrumentation b a t t e r i e s  were among the  items car r ied  i n  t h i s  section. Fig- 
ure 3 shows the per t inent  d e t a i l s  of th i s  section and the  layout of t h e  included 
apparatus; f igure 4 shows the assembled ve loc i ty  package and adaptor. 
weights of t he  various components of t h e  ve loc i ty  package and adaptor are given 
i n  t a b l e  I. 

The 

Scout Booster System 

The Scout booster system cons is t s  of four  stages of solid-propellant rocket 
motors. 
system i s  capable of th ree  bas ic  types of t r a j ec to r i e s :  
near-ver t ical  probes, and b a l l i s t i c  reentry.  The present f l i g h t  t es t  u t i l i z e d  
the  b a l l i s t i c  reentry capabi l i ty .  

The configuration d e t a i l s  and nomenclature a r e  given i n  f igure  5. The 
o r b i t a l ,  high-alt i tude 

The f i r s t - s t age  motor, Algol, i s  30 feet  long, 40 inches i n  diameter, and 
develops ll5,OOO pounds of t h rus t .  It i s  f i n  s t ab i l i zed  and controlled i n  
f l i g h t  by je t  vanes and by aerodynamic controls  on t h e  f i n  t i p s .  The launcher 
connections, umbilical checkout and launch f i r i n g  cable connections, and t h e  
hydraulic control  system f o r  the f i n s  and je t  vanes a re  located at the  base of 
t h i s  stage designated base A i n  f igure 5. 

The second-stage motor, Castor, i s  X )  feet  long, 30 inches i n  diameter, and 
develops approximately 30,000 pounds of t h rus t .  The second stage i s  connected 
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t o  t he  f i rs t  stage by two coupled sect ions designated t r ans i t i on  B. These sec- 
t i ons  contain a reaction control  system f o r  t hc  vehicle,  a device t o  separate 
t h e  second stage from the  first stage, and components f o r  the  destruct  system. 

The third-stage motor, Antares, i s  10 fee t  long, 30 inches i n  diameter, 
The t h i r d  stage i s  con- and develops approximately 14,000 pounds of t h rus t .  

nected t o  the second stage by two coupled sections designated t r ans i t i on  C. 
The t r a n s i t i o n  sections provide housing f o r  t he  hydrogen peroxide reaction con- 
t r o l  motors, telemetry equipment, the destruct system, and a separation device. 

The fourth-stage motor, Altair, i s  6 f e e t  long, 18 inches i n  diameter, and 
develops 3,000 pounds of t h rus t .  The fourth stage i s  joined t o  the  t h i r d  stage 
by a section designated t r ans i t i on  D. This t r ans i t i on  section houses the guid- 

system. The four th  stage i s  spin s tabi l ized p r io r  t o  f i r i ng ;  thus,  no guidance 
o r  control  system i s  required f o r  t h i s  stage. 

. ance system, the  main guidance controls, a separation device, and a spin-up 

A j e t t i sonable  nose cone over t h e  veloci ty  package and heat shields  over 

Figure 6 
the th i rd-  and fourth-stage motors provided aerodynamic streamlining and accept- 
able  temperature environment during the  ex i t  portion of t he  f l i g h t .  
shows the  ove ra l l  vehicle j u s t  p r i o r  t o  launch. 

TRAJECTORY AND TRAJECTORY MEASuREMElvTS 

Trajectory 

The vehicle w a s  launched from t h e  NASA Wallops Stat ion a t  an azimuth of 
129' and an elevation angle of approximately 81O. After first-stage burnout, 
t h e  vehicle  coasted t o  an a l t i t u d e  of l30,OOO feet,  a t  which t i m e  t he  second 
stage w a s  igni ted and the  third-stage heat shield jett isoned. 
coasted over apogee and upon reaching a f l ight-path angle of -6O, t h e  t h i r d  
stage was igni ted.  
shield was je t t isoned.  
stage was igni ted.  
four th  stage and ve loc i ty  package spun. 
stage ign i t ion ,  t he  f i f t h  stage ignited.  The f i f th -s tage  ign i t i on  w a s  some 
16 seconds earlier than planned. 

The vehicle 

Just p r i o r  t o  third-stage ign i t ion ,  the fourth-stage heat 
Some 22 seconds after third-stage burnout, the  fourth 

Pr ior  t o  t h i s  event, the spin motors were igni ted and t h e  
Approximately 23 seconds after fourth- 

From t he  oEboard instrimentation records, it w a s  noted t h a t  t he  fourth- 
stage cut-off (as indicated by the t h r u s t  accelerometer) w a s  followed by large 
rate gyro osc i l l a t ions .  These osc i l la t ions  l a s t ed  f o r  2.2 seconds, a t  which 
t i m e  t h e  f i f t h  stage ignited.  Studies made of these osc i l l a t ions  indicated 
t h a t  if a suddenly applied moment had occurred i n  a plane oriented midway 
between t h e  p i t c h  and yaw planes, osc i l la t ions  such as those measured would have 
resul ted.  A moqent, as described above, could nave resui ted from a m p t u r e  Ir; 
the fourth-stage-motor case. Such a rupture would r e s u l t  i n  premature cut-off 
of t he  fourth-stage th rus t .  

The f a i l u r e  re'sulted i n  a maximum veloci ty  approximately 4,000 fps  lower 
than t h a t  ant ic ipated.  Furthermore, the osc i l la t ions  i n i t i a t e d  were not damped 
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out by the beginning of the  data period. 
occurred at angles of a t tack  ranging from 10' t o  40°. 
t i on ,  however, w a s  not adversely affected and the  increased aerodynamic forces  
resul t ing from the  high angles of a t t ack  were not great  enough t o  cause damage 
t o  the  spacecraft s t ructure .  Although the  planned maximum veloc i ty  of 
26,500 fps was not achieved, the  primary objectives of heat-transfer and abla- 
t i o n  measurements were successfully obtained a t  a reentry ve loc i ty  of 22,500 fps .  

A s  a consequence, the payload reentry 
Onboard instrumenta- 

Trajectory Measurement s 

The t r a j ec to ry  parameters were obtained from ground-based radar i n s t a l l a -  
t i o n s  at both Wallops Is land,  V a . ,  and Bermuda, from a ground-based op t i ca l  
tracking i n s t a l l a t i o n  at  Bermuda, and from a dynamic t r a j ec to ry  analysis  devel-. 
oped at  the Langley Research Center, which incorporated as inputs the telemeter 
measurements of angular r a t e s  and l i n e a r  accelerat ions.  The telemeter informa- 
t i o n  was received by ground s ta t ions  a t  Wallops Is land and a t  Bermuda. 
t i on ,  telemetry receiving equipped ships were stationed along the  129' azimuth 
approximately 10 in te rna t iona l  naut ica l  m i l e s  and l5O in te rna t iona l  naut ica l  
miles downrange of t he  pref l ight-calculated payload impact point .  

I n  addir 

The payload motion measurements which were used as inputs f o r  the  dynamic 
t r a j ec to ry  analysis  are shown i n  figures 7 and 8. 
shown i n  f igure  7. 
payload center of gravi ty ,  a r e  shown i n  f igure 8. 
t i m e  period from f i f th-s tage  burnout t o  the  end of t he  data period, 
t = 460 seconds. 

The gyro measurements a re  
The l i n e a r  accelerometer measurements, referenced t o  t h e  

Figures 7 and 8 cover the  

The op t i ca l  tracking i n s t a l l a t i o n  at t h e  Bermuda s t a t ion  used a b a l l i s t i c  
camera with a 6-inch-diameter f/5.6 lens .  
and elevation ( r e l a t ive  t o  t h e  op t i ca l  tracking s i te)  were obtained by this 
equipment. 
to ry ,  they enabled, along with some of the radar t racking data, a f i x  f o r  the 
t r a j ec to ry  computed by the  dynamic t r a j e c t o r y  analysis .  The closeness of th i s  
f ix  i s  indicated by f igure 9. The op t i ca l  tracking measurements of azimuth as 
a function of f l i g h t  time are shown as the c i r cu la r  symbols i n  f igu re  9(a). 
measurements of elevation as a function of f l i g h t  time a re  shown as t h e  square 
symbols i n  f igure  g(b).  The sol id- l ine curves which were computed from the  
dynamic t r a j ec to ry  analysis  f i t  t h e  data  closely.  

Time h i s t o r i e s  of t h e  payload azimuth 

Although these measurements i n  themselves did not provide a t r a j ec -  

The 

Figure 10 shows the  alt i tude-range measurements and calculat ions from l i f t -  
off  t o  splash. The Wallops FPS-16 radar provided coverage from l i f t - o f f  t o  t h e  
fourth-stage igni t ion.  This coverage w a s  a s s i s t ed  by a C-band beacon, located 
i n  t r ans i t i on  D, which operated u n t i l  t h e  four th  stage separated from the  t h i r d  
stage. 
third-stage burnout u n t i l  f i f th -s tage  ign i t ion .  After f i f th-s tage ign i t ion ,  
t he  Bermuda FPS-16 radar tracked the  burned-out four th  stage. 
FPS-16 radar was a l so  ass i s ted  by a C-band beacon located on the  adaptor con- 
necting the fourth and f i f t h  stages.  
stage. 
onds a f t e r  fourth-stage igni t ion.  However, the SPANDAFl da ta  a re  questionable 

The Bermuda ~ ~ - 1 6  radar provided coverage from about 8 seconds a f t e r  

The Bermuda 

This adaptor w a s  f ixed t o  the  four th  
The Wallops SPANDAFl provided coverage ( sk in  tracked) f o r  about 37 sec- 
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because of the low signal-to-noise ra t io .  The results of t h e  dynamic t r a j ec to ry  
analysis  are shown as the  sol id- l ine curve. The preflight-calculated t r a j ec to ry  
from l i f t - o f f  t o  fourth-stage ign i t i on  i s  shown as the  dashed-line curye. 

The a l t i t u d e  and ve loc i ty  time h i s to r i e s  are shown i n  f igu res  11 and 12, 
respectively.  For the  portion of t he  t ra jec tory  up t o  fourth-stage ign i t ion ,  
the  values of ve loc i ty  were obtained from di f fe ren t ia t ion  of the tracking data. 
After fourth-stage ign i t ion ,  the values of velocity and a l t i t u d e  and t h e  f l i g h t -  
path angles were computed from the  dynamic t r a j ec to ry  analysis .  For comparison, 
the  pref l ight-calculated t r a j ec to ry  from l i f t - o f f  t o  fourth-stage ign i t ion  i s  
shown as a dashed l i n e  i n  f igu res  11 and 12. 

TEST REGlME AND EXKIRONMENT 

Figure 13 shows the  var ia t ion  of a l t i t ude  with ve loc i ty  f o r  t he  f l ight 
test  regime. The heat-transfer-data period denotes the  regime during which the  
inconel calorimeter expr ienced  Eeasurable temperature rise rates. The veloci ty  
during t h i s  period changed from 21,030 fps  a t  t o  22,338 Pps 
a t  t = 435 seconds 
t i ve ly .  During the period t = 435 seconds t o  t = 438 seconds, t he  inconel 
calorimeter cap was being melted. 

t = 410 seconds 
f o r  a l t i t u d e s  of 389,330 f e e t  and 199,919 f e e t ,  respec- 

The ablat ion tes t  period denotes the  regime during which t h e  Teflon nose 

t = 460 seconds 
cap w a s  exposed and undergoing ablation. 
changed from 22,222 f p s  a t  t o  4,204 fps  at  
f o r  a l t i t u d e s  of 176,648 feet and 57,825 fee t ,  respectively.  

The veloci ty  during t h i s  period 
t = 438 seconds 

Density-altitude and temperature-altitude measurements from sea l e v e l  t o  
an a l t i t u d e  of 94,000 f e e t  were obtained by a radiosonde balloon. Density- 
a l t i t u d e  measurements from 120,OOG f e e t  t o  210,000 f e e t  were obtained by an 
Arcas sounding rocket. 
Bermuda sites. 

Both the  radiosonde and Arcas were launched from 

Figure 14 shows the free-stream density var ia t ion  f o r  t he  tes t  a l t i t udes .  
The square symbols a re  the  measurements obtained with the  radiosonde, and the  
c i r cu la r  symbols are the  measurements obtained with the  Arcas. The so l id  l i n e  
represents  t h e  1962 U.S. standard atmosphere ( r e f .  1). The dashed l i n e  indi-  
ca t e s  the f a i r i n g  and assumed extrapolation of the measurements. 

Figure 15 shows the  free-stream temperature var ia t ion  with the  tes t  a l t i -  
tudes. The square symbols are t h e  radiosonde measurements, and the  c i rcu lar  
symbols are t h e  values derived from the Arcas  density measurements. 
used i s  described i n  reference 2. 
as t h e  sclid l i n e .  
standard values and exhib i t  e s sen t i a l ly  the same trend. 

The method 
The 1962 U.S. standard atmosphere i s  shown 

The derived temperatures a r e  only s l i g h t l y  l e s s  than the 

9 



TEMPERATURE AND ABLATION MEASUREMENTS 

Temperature Measurements 

Figure 16 shows t h e  ove ra l l  dimensions of the  inconel cap, the  thermocouple 
locations,  and t h e  inconel thickness a t  t h e  thermocouple locations.  The surface 
of t h e  nose cap was polished t o  5 microinches as determined from measurements 
made with an interference microscope. Nineteen thermocouples of No. 30 chromel- 
alumel w i r e  were attached t o  the cap, and the  two wires of each thermocouple 
were individually spot welded t o  the  ins ide  surface of t he  inconel cap. During 
flight, three standard voltages were commutated along with the  thermocouples; 
these voltages were chosen t o  be equivalent t o  the  lowest, middle, and highest  
temperatures t h a t  t he  inconel skin w a s  expected t o  reach. T h i s  procedure 
enabled in- f l igh t  ca l ibra t ion  of t h e  temperature measuring system. The 19 
thermocouples were recorded over two telemeter channels; one channel enabled 
3 readings per second a t  each thermocouple s t a t ion  and t h e  other,  10 readings 
per second a t  each s ta t ion .  

Temperature data  were obtained from 15 of the 19 thermocouples attached t o  
the  inside surface of t he  inconel calorimeter. 
"open" p r io r  t o  f l i g h t ,  and thermocouples 11 and 16 were inoperative.  
f i g .  16 f o r  locat ion of thermocouples.) The temperature measurements f o r  the  
inside surface of the  inconel calorimeter a r e  given i n  t ab le  I1 and a typ ica l  
temperature t i m e  h i s to ry  i s  shown i n  f igu re  17. 
t i o n  of heating r a t e s  used i n  t h i s  paper requires  that the  r a w  temperature data 
be smoothed or faired. From the  smoothed ins ide  values the  outs ide surface ' 
temperature i s  then computed. 
outside surface temperatures along the  inconel nose face,  corners, and after- 
body, respectively.  
t o  about 
t h e  t i m e  t h a t  t h a t  thermocouple opened. The individual  thermocouples within a 
grouping are  consistent as t o  temperature l e v e l s  and r i s e  rates. 
temperature l eve l s  and rise rates of t he  afterbody grouping a r e  s u b s t a n t i a l l y .  
less than corresponding t i m e  values of t he  face and corners groupings. 

Thermocouples 1 2  and 18 were 
(See 

The technique f o r  t h e  deriva- 

Figures 18(a), 18(b) ,  and 1 8 ( ~ )  show the  computed 

Temperature rise rates were obtained from t = 410 seconds 
t = 435 seconds. The last  point for a thermocouple corresponds t o  

Also, the  

I n  figure 19, the  readings of a t y p i c a l  thermocouple (thermocouple 7) are 
shown from t = 412 seconds t o  t = 432 seconds. A temperature r ise i s  indi-  
cated u n t i l  t = 432 seconds a t  which t i m e  the  thermocouple opens. The thermo- 
couple remain; open u n t i l  approximately 
t i v e l y  high temperature readings are recorded by the  thermocouple. 
of high temperature readings lasts u n t i l  approximately 
t h i s  t i m e ,  which i s  a l so  the  t i m e  radio blackout ends, t he  thermocouple reads 
open again, and continues t o  read open f o r  t he  remainder of t he  f l i g h t .  

t = 436 seconds, a t  which time rela- 
The period 

t = 447 seconds. A t  

The apparent anomaly, of an open thermocouple measuring high temperatures, 
occurred because t h e  thermocouple wires, were exposed t o  an ionized a i r  layer  
when the  inconel cap melted o f f .  
thermocouples were separated, t he  ionized a i r  acted as a shunt between them, 
e f fec t ive ly  creat ing a thermocouple junction. 
ended; consequently, t he  wires were no longer shunted and the thermocouples 

Although the  individual  wires of each of t he  

A t  t = 447 seconds, ionizat ion 
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read open again. 
between t = 436 
melted of f  during t h i s  period, and t h a t  t he  f i r s t  open indicat ions were due t o  
f a i l u r e  of t he  wires a t  the  junctions and not t o  the  cap coming o f f .  

Since a l l  the thermocouples exhibited the  shunt e f f ec t  
and t = 437 seconds, it i s  believed t h a t  the inconel cap 

I Ablation Measurements 

Figure 20 shows the  locat ions of t h e  ablation sensors. The sensors were 
mounted so t h a t  t h e i r  longi tudinal  axes were perpendicular t o  the  blunted face. 
Details as t o  the  design, construction, and ca l ibra t ion  techniques a re  given i n  
reference 3. The components of the  sensor are  shown i n  f igure 21. These same 
type sensors were a l so  used, with very good r e s u l t s ,  i n  a f ree- f l igh t  inves t i -  
+gation a t  somewhat lower speeds ( r e f .  4). The f i v e  sensors and three  standard 
frequencies were commutated i n  sequence as inputs t o  a capacitance sens i t ive  
subcarr ier  o s c i l l a t o r .  
*frequencies, t he  standards enabled in-f l ight  ca l ibra t ion  of the  ablat ion meas- 
uring system. 

Since the  length changes of the sensors a re  recorded as 

Each sensor w a s  recorded f ive  times per second during f l i g h t .  

The sensors were expected t o  provide i n - f l i g h t  measurements of t he  r a t e  of 
length change of the  Teflon. With the  exception of sensor 1 which became defec- 
t i v e  p r i o r  t o  the  f l i g h t ,  va l id  i n i t i a l  and f i n a l  length measurements were 
obtained. Unfortunately, no length measurements were obtained during the  period 
of Teflon ablat ion.  
f igure 22. 
l e v e l  and t rend as t h e  values f o r  the other  sensors. The measurements cover the  
period from t = 420 t o  
show readings a f t e r  ablat ion ends. N o  readings were obtained from approximately 
t = 439 t o  t = 457 seconds. S t a r t i ng  a t  t = 457 seconds, readings a re  
obtained which ind ica te  that the  sensor i s  undergoing a rapid change i n  length.  
This period of apparent rapid change i n  length lasts fo r  approximately 3 sec- 
onds, after which the readings a r e  e s sen t i a l ly  constant. 

Typical of the  measurements obtained are  those shown i n  
The values shown a re  f o r  sensor 2 but  a r e  e s sen t i a l ly  of t h e  same 

t = 480 seconds, the  times were chosen i n  order t o  

- Since the  indicated r e s u l t s  were not understandable, a t e s t  check was made 
of a sensor similar t o  those used i n  the  f l i g h t  t e s t .  
w a s  placed i n  p a r a l l e l  with the  sensor. 
cated as frequency l e v e l s  by the o s c i l l a t o r .  
analogy of an ablat ion sensor, t he  ablat ing surface of which i s  exposed t o  the 
a i r .  By changing the  shunt res is tance,  varying degrees of air  ionizat ion were 
simulated. A schematic diagram of t h e  c i r c u i t  and the r e s u l t s  obtained i n  the  
investig&,ion a re  sl io-~i i n  f igure  23. 
indicated capacitance of the sensor. 

A var iable  res is tance 

This c i r c u i t  i s  the e l e c t r i c a l  
The varying impedance values were indi-  

The i w e d m c e  changes have been shown as 

For very high shunt res is tances ,  analogous t o  l i t t l e  or  no ionization, the 
o s c i l l a t o r  output w a s  e s sen t i a l ly  unchanged. 
decreased, analogous t o  increasing a i r  ionization, t he  indicated capacitance 
values  increased above the  sensor i n i t i a l  value of approximately 430 micromicro- 
farads.  
output i s  approximately 330 micromicrofarads. This capacitance value was the 
upper l i m i t  of t he  present capacitance recording range of t h e  f l i g h t  t e s t  telem- 
et..ry system= 3 1 ~ s ;  i f  the degree of air ionizat ion was of a l e v e l  corresponding 

A s  the  shunt res is tance w a s  

For a shunt res is tance of approximately 5,000,000 ohms, t he  o s c i l l a t o r  
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t o  shunt res i s tances  less than 5,000,000 ohms, t he  o s c i l l a t o r  outputs should 
have been of fsca le  and hence not recorded. 

The r e s u l t s  shown i n  f igure  23 explain the  inconsistencies of t he  measure- 
ments shown i n  f i g u r e  22. The reason no sensor measurements were recorded from 
t h e  time of Teflon nme cap exposure u n t i l  t = 457 seconds w a s  that the  shunt 
res is tance l e v e l  of t he  ionized air w a s  l e s s  than ~,OOO,OOO ohms and t h e  o s c i l -  
l a t o r  readings were of fsca le .  The rapid length change indicated by t h e  measure- 
ments during the  period from t = 457 t o  t = 460 seconds w a s  because t h e  
shunt res i s tance  l e v e l  of t h e  ionized air ,  although high enough (above 
5,OOO,OOO ohms) t o  allow oriscale o s c i l l a t o r  readings, w a s  s t i l l  low enough t o  
appreciably a f f e c t  the  o s c i l l a t o r  readings. 

A s  a check on the  results indicated by t h e  c i r c u i t  shown i n  f igure  23, 
severa l  t e s t s  were made i n  an arc-heated a i r  j e t .  
use of a resistance-capacitance (R-C) o s c i l l a t o r  such as used i n  t h e  c i r c u i t  
shown i n  figure 23 and the  present f l i g h t  t es t ,  and a l s o  an inductance- 
capacitance (L-C) o s c i l l a t o r  as w a s  used i n  the  f l i g h t  tes t  of reference 4. 
Offscale r e s u l t s  were obtained with the  R-C o s c i l l a t o r  but not with the  L-C 
o s c i l l a t o r ,  ind ica t ing  that  the  sensors are capable of giving accurate  measure- 
ments i n  ionized a i r .  

The t e s t s  were made with t h e  

Although the  sensor measurements were af fec ted  by t h e  ionized air  u n t i l  
t = 447 seconds. t = 460 seconds, t h e  thermocouples were not a f fec ted  a f t e r  

The lesser degree of s e n s i t i v i t y  of t h e  thermocouple t o  ionized a i r  w a s  prob- 
ably due t o  the  thermocouple w i r e  having a res i s tance  of 10,000 ohms. 
higher degree of a i r  ion iza t ion  would be required t o  shunt t he  thermocouples 
s ince t h e  shunt res i s tance  would have t o  be l e s s  than 10,000 ohms as compared 
t o  5,OOO,OOO ohms f o r  t h e  sensors. 

Thus, a 

RESULTS AND DISCUSSION 

General 

The t i m e  h i s t o r i e s  of t h e  heating rates q along the  inconel nose face,  ' 

corners, and forebody are shown i n  f igu res  24(a) ,  24(b), and 24(c), respect ively.  
The values of q were derived from the  temperatures shown i n  f i g u r e  19, with 
t h e  use of t he  one-dimensional heat-flow ana lys i s  of reference 5. Br ie f ly ,  t h e  
ana lys i s  provides computed poin ts  of ou ts ide  w a l l  temperature a t  equal time 
increments. The t i m e  increment depends on the  thermal capacity of t h e  skin 
and t h e  heating rate l e v e l  and w a s  0.25 second f o r  t h e  present inves t iga t ion .  
The computed outside temperature values were used t o  determine t h e  ne t  heat 
input values. The values of q shown i n  f i g u r e  24 are t h e  net  heat input 
values corrected f o r  rad ia t ion  from t h e  inconel surface by assuming a surface 
emissivity of 0.7. Computations showed t h a t  conduction e f f e c t s  along t h e  
inconel skin were negl igible .  Figure 25 i s  a c rossp lo t  of t h e  data presented 
i n  f igure  24 f o r  t = 422, 426, and 430 seconds. 
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From f igure  25 t he  heating rates along the face, f o r  t he  d i f fe ren t  thermo- 
couple locations,  are very near ly  equal i n  numerical value. The four corner 
locat ions exhib i t  e s sen t i a l ly  t h e  same heating-rate values as the  face loca- 
t ions .  The forebody locat ions ind ica te  heating l e v e l s  t h a t ,  f o r  corresponding 
t i m e s ,  are appreciably less than those shown by the  face and corner locat ions.  

Evaluation of the  dynamic motion data  indicated t h a t  during t h e  heating 
period the  spinning f l i g h t  payload underwent la rge  var ia t ions  i n  angle of 
a t tack.  I n  the  appendix of 
t h i s  paper a technique i s  described, t h e  use of which enables the  determination 
of t h e  e f f ec t  of angle of a t t ack  on heating rates. The technique makes use of 
heat- t ransfer  results obtained from wind-tunnel tests of scale models of the 
f l ight payload. 

Although the  tunnel models were not 
spinning, use of the  integrated average of the circumferential  heating d i s t r i -  
bution was assumed t o  y ie ld  the same re su l t s  as a high spin r a t e .  

Figure 26 shows these var ia t ions  with f l i g h t  t i m e .  

These t es t s  were conducted a t  Mach numbers of 5.96 and 9.6 and 
. at angles of a t t ack  up t o  30' ( r e f .  6 ) .  

Stagnation Heat Transfer 

Unfortunately, the  da ta  obtained from the  nose faces of t he  tunnel models 
were not adequate f o r  t h e  determination o f t h e  e f f ec t  of angle of a t tack  on 
heating rates a t  a l l  locat ions on the  f l i g h t  payload blunt  face. However, the  
tunnel  data  did provide the  var ia t ion  o f  the heating at t h e  geometric center of 
t he  nose face with angle of a t t ack  as shown i n  f igure  27. These r e s u l t s  are 
a l so  discussed i n  the  appendix. This information enabled the  converting of t he  
f l i g h t  geometric center point measuremnts t o  geometric center point values f o r  
a = 00. 

The blunt  f l i g h t  nose da ta  were adjusted as follows t o  correspond t o  the  
ana ly t i ca l  predict ions which per ta in  t o  hemispherical nose shapes. The equiva- 
l e n t  hemispherical nose radius  reff of the blunt f l ight  nose shape w a s  calcu- 
lated from the  r e l a t ion  

where 
f l ight nose configuration. The hS and pF terms are  the  stagnation ve loc i ty  
gradients  corresponding t o  a hemisphere and t o  t h e  flight nose, respectively.  
The Newtonian numerical value w a s  used f o r  
of 
models t e s t e d  ir? %he tunnel  at  M = 5.96 and M = 9.60 ( r e f .  6 ) .  The numer- 
i c a l  value of reff w a s  determined t o  be i.i3i f ee t .  The c m x r t e d  r e s u l t s  
a r e  shown i n  f igure  28 as t h e  var ia t ion  of t h e  geometric center point heating- 
rate parameter 

rn i s  the  normal distance from the center  l i n e  t o  the  corner of t h e  

phs, whereas the  numerical value 

PF was derived from surface pressure measurements obtained from small-scale 
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Hw 
HS 

1 - -  

with the density-velocity parameter 

The f l i g h t  data  are f o r  a free-stream ve loc i ty  of about 22,300 fps  and an 
a l t i t ude  range of approximately 3OO,OOO t o  200,000 f e e t .  
sen ts  values computed from t h e  empirical re la t ionship  of reference 7. 
re la t ionship may be expressed as 

The so l id  l i n e  repre- 
This 

HS 
3*15 q a s h  1 / 2  v, 

1 - -  Hw = 17,600(:) (23,900) Is - 
HS 

The values from reference 7 vary nearly l i n e a r l y  with t h e  density-velocity 
parameter as indicated by t h e  sol id- l ine curve which i s  a f a i r i n g  of computed 
values. With the exception of the  las t  datum point,  the  converted f l i g h t  meas- 
urements also exhib i t  a l i n e a r  t rend but  of s l i g h t l y  higher slope than t h e  com- 
putations of reference 7. 

O f  i n t e re s t  i s  the  comparison of the  present f l ight  t es t  r e s u l t s  with a 
relat ionship developed from bas i ca l ly  theo re t i ca l  considerations. 
t ionship  i s  tha t  of  reference 8, which may be expressed as 

Such a rela- 

The dashed l i n e  represents values computed from the  re la t ionship  of reference 8. 
I n  computing these values, t he  r e a l  gas proper t ies  were read from a Mollier 
diagram for  equilibrium a i r  ( r e f .  9 ) ,  and t h e  t ranspor t  p roper t ies  were taken 
from reference 10. The values from reference 8 a l s o  vary l i n e a r l y  with t h e  
density-velocity parameter as indicated by t h e  dashed l i n e  which i s  t h e  f a i r i n g  
of the  computations. 
15 t o  20 percent lower than the converted f l i g h t  values. 

Throughout the  data range, t he  values of reference 8 are 

Forebody Heat Transfer 

I n  addition t o  providing the  va r i a t ion  of the  heating with angle Of a t t ack  
a t  the geometric center point,  the  tunnel  results a t  

14 
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su f f i c i en t  da ta  t o  evaluate the  e f f e c t s  of angle of a t t ack  at  
integrated average forebody heating fo r  t h i s  locat ion,  normalized with respect 
t o  the  geometric center point,  as a function of angle of a t t ack  i s  shown i n  
f igure  29. The procedure f o r  obtaining t h i s  curve i s  given i n  t he  appendix. 
Applying the var ia t ion  shown i n  f igure 29 t o  the angle-of-attack h is tory  shown 
i n  f igure  26 r e s u l t s  i n  the  o s c i l l a t i n g  dashed-line curve shown i n  f igure 30. 
The r e s u l t s  are shown as the  forebody heating r a t e s ,  normalized with respect t o  
the  geometric center  point heating r a t e s ,  a s  a function of  f l i g h t  time. The 
sol id- l ine curve i s  the  integrated average of the  dashed-line var ia t ion;  t he  
c i r cu la r  symbols a re  the  f l i g h t  derived measurements. The integrated average 
var ia t ion  agrees c losely with the  flight measurements, and the  osc i l l a to ry  
behavior with angle of a t t ack  resul ted i n  a heating l e v e l  on t h e  afterbody of 
approximately twice t h a t  f o r  zero angle-of-attack f l i g h t  ( r e f .  6) .  

s/rn = 2.1. The 

The f l i g h t  measurements i n  r a t i o  form are compared with an integrated 
average of the predicted ones from wind-tunnel t e s t s .  

’ the  nature  of the  calorimeter-thermocouple measuring technique employed i n  the 
experiment. The calorimeter, by v i r tue  of i t s  heat capacity, tends t o  make no 
discrimination between a high frequency -;ariatior. i n  heating rates and a con- 
s tan t  heating r a t e  whose magnitude i s  equal t o  the  average heating r a t e  over 
one of the high frequency cycles. Added t o  t h i s  i s  the  f a c t  t h a t  the f l i g h t  . 
thermocouple data  were f a i r ed  i n  order t o  compute the  heating r a t e s .  

This w a s  necessi ta ted by 

Ablation 

The computed ablated length 2 a s  a f’unction of f l i g h t  time f o r  the geo- 
metric stagnation point i s  shown i n  f igure  31. The values were computed from 
the  re la t ionship  

where p i s  the  Teflon spec i f ic  densi ty  and q and heff are the geometric 
stagnation point heating r a t e  and Teflon effect ive heat of ablat ion,  
r e  spect i ve ly  . 

gc 

The values of heff and q used are shown i n  f igure  32(a).  The values gc 
of &ff were obtained by using t h e  quasi-steady-state analysis  of re fer -  
ence 11. The re la t ionship  from reference 7 w a s  used t o  obtain the aerodynamic 
stagnation point  heating r a t e s .  Since the f l i g h t  payload w a s  s t i l l  undergoing 
va r i a t ions  i n  angle of a t tack ,  the  computed aerodynamic heating r a t e s  were cor- 
rec ted  t o  give the var ia t ion  of the  heating at  the  geometric center of the  nose 
face.  Tne correction r~. t~c?s  n I(q-- shown i n  f igure  32(b) were obtained 

by the  procedure described i n  the appendix. The computed values of 2 ranged 
from 0 at 2 = 0.1877 inch at 
t = 439 seconds at  which time the  computed value of qgc becomes zero and 
ab la t ion  ends. 

%C/\ a 4 a 4  

t = 438 seconds, assumed start of ablat ion,  t o  



A s  w a s  previously mentioned only measurements of t o t a l  l ength  changes 
(key of f i g .  31) were obtained during fl ight;  thus,  a d i r e c t  comparison with 
t h e  computed var ia t ion  of 2 cannot be made. However, t he  t o t a l  length change 
a t  t h e  geometric stagnation point  may be compared with t h e  value of 2 a t  
t = 459 seconds. The measured geometric stagnation point  value (sensor 3) i s  
0.185 inch as compared with a computed value of 0.1877 inch. 

Blackout 

The flight payload telemetry s igna ls  were blacked out during a portion of 
t h e  reentry due t o  the  formation of a plasma i n  t h e  shock l aye r .  
resu l ted  from absorption and r e f l ec t ion  of t h e  electromagnetic energy by the  
plasma layer.  
received s igna l  s t rength  a t  the  Bermuda t racking  s ta t ion .  
t i m e  h i s t o r i e s  of t he  voltage standing-wave r a t i o s  (VSWR) f o r  t h e  payload 
antennas. 
t h e  period from 425 seconds t o  430 seconds a f t e r  launch. During t h i s  period 
the  increase i n  VSWR ind ica tes  an associated l o s s  i n  antenna performance. 

This blackout 

(See ref. 12.) Figure 33 shows the  t i m e  h i s t o r i e s  of t h e  
Figure 34 shows t h e  

Real-time da ta  loss  resu l ted  from the  drop i n  s igna l  s t rength  during ' 

SUMMARY OF RESULTS 

Measurements of heat t r a n s f e r  were obtained f o r  reent ry  v e l o c i t i e s  up t o  

The payload b a l l i s t i c  coef f i -  
22,500 fps. 
reent ry  period the  penetration angle w a s  - l 5 O .  
c i e n t  was approximately 150 lb/sq f t .  
period ranged from 22,000 f p s  at an a l t i t u d e  of 180,000 feet  t o  4,200 f p s  a t  
an a l t i t u d e  of 60,000 f e e t .  

The a l t i t u d e s  ranged from 390,000 t o  200,000 feet .  During t h i s  

The v e l o c i t i e s  during the  ab la t ion  t e s t  

During t h e  heat-transfer period the  payload underwent va r i a t ions  i n  angle- 
of-attack ranging from loo t o  40'. 
a t t a c k  varied from 2' t o  20'. 
through use of heat-transfer r e s u l t s  obtained from wind-tunnel tes ts  of sca le  
models of t h e  f l i g h t  payload. 

During the  ab la t ion  period, t he  angle of 
The angle-of-attack e f f e c t s  were evaluated 

The three-dimensional s tagnat ion point  heating rates derived from t h e  
flight measurements were s l i g h t l y  higher than values computed from t h e  empirical 
re la t ionship  of reference 7, and about 15 t o  20 percent higher than values com- 
puted from the  ana lys i s  of reference 8. 

The heating rates measured on the  forebody of t h e  spinning payload were i n  
good agreement with pred ic t ions  based on t h e  results of s t a t iona ry  model wind- 
tunnel measurement s. 

The predicted Teflon ab la t ion  was computed with the use of the quasi-steady- 
state ef fec t ive  hea ts  of ab la t ion  given i n  reference 11. 
computed from t h e  re la t ionship  of reference 7 and were adjusted f o r  t h e  angle- 
of-attack var ia t ion.  
whereas the  measured value was 0.183 inch. 

The heating rates were 

The predicted value of ab la ted  length  w a s  0.1877 inch 
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The received signal s t rength  from t h e  telemeter t ransmi t te rs  and t h e  for- 
ward and r e f l ec t ed  transmission l i n e  voltage measurements delineated t h e  reent ry  
blackout boundaries for  t h e  present invest igat ion.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley S ta t ion ,  Hampton, V a . ,  February 5 ,  1964. 



APPENDIX 

STAGNATION POINT AND FOREBODY HEAT-TRANSFER ANALYSIS 

The technique described i n  t h i s  appendix was used i n  the  ana lys i s  of the 
stagnation point and afterbody heating. 
of a series of wind-tunnel t e s t s  which were made p r i o r  t o  the  a c t u a l  f l i g h t .  
The wind-tunnel tests were conducted a t  Mach numbers of 3.96 and 9.6 f o r  two 
configurations similar t o  t h e  Scout payload configuration (sketch 1). 
were obtained at  angles of a t t a c k  from 0' t o  30° and at  angles of ro t a t ion  
from +go0 (windward ray) t o  -90' (leeward ray) f o r  loca t ions  on the  nose face 
and along the  forebody and have been published i n  reference 6. 

The technique makes use of the  r e s u l t s  

Data 

9.0" 

Model I 

I E; 70 9.00 

B Model I1 b a -a- Model I1 

Sketch 1 
Stagnation Point 

Since t e s t  conditions remained constant during a l l  runs, t h e  measured value 
of t he  heat-transfer coef f ic ien t  a t  t h e  geometric center  of t h e  nose at  zero 
angle of a t t ack  (( hgc ) a=O ) w a s  taken as a reference value o f  aerodynamic heat-. 

t r a n s f e r  coef f ic ien t .  

as a function of angle of a t t a c k  extrapolated t o  40' i s  shown i n  sketch 2. 
curve also appl ies  t o  a spinning body i n  which t h e  spin a x i s  passes through t h e  
geometric center  point .  

to (hgc)a=o A p l o t  of measured values of t he  r a t i o  hgc 
This 

1.00 

W 
d 

Sketch 2 
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By applying the  angle-of -a t tack  var ia t ion  of hgc / (hgc) a=O shown i n  
sketch 2 t o  t h e  a c t u a l  angle-of-attack t i m e  h i s tory  ( f i g .  26), a t i m e  h i s to ry  

w a s  obtained as shown i n  sketch 3 .  Examination of t h e  thermal 

420 425 430 435 
Time, sec 

Sketch 3 

capacitance and r a t e s  of o s c i l l a t i o n  ind ica tes  t h a t  t h e  calorimeter cap w a s  not 
s u f f i c i e n t l y  sens i t i ve  t o  record these  high r a t e  var ia t ions .  Therefore, t o  
simulate t h e  ac tua l  behavior of t he  measuring devices, the  t i m e  va r i a t ion  of 
hgc/( hgc) a=O w a s  in tegra ted  and averaged over s m a l l  i n t e rva l s .  
t i m e  h i s to ry  of average in tegra ted  values of 

s o l i d  l i n e  i n  sketch 3. 
s ince the  accelerometer and gyro da ta  i n  t h i s  region are i n  doubt. 

The r e su l t i ng  
i s  given by t h e  hgc /( hgc ) a=O 

The dashed l i n e  represents  an approximate extrapolation 

Forebody 

I n  cont ras t  t o  t h e  wind-tunnel models, t h e  f l i g h t  model w a s  undergoing 
spinning motions and severe angle-of-attack changes. 
e f f e c t s  of spinning on t h e  heating t o  t h e  forebody of t he  model, p l o t s  were 
made of t h e  circumferential  heating d i s t r ibu t ion  f o r  each angle of a t t a c k  a t  
which wind-tunnel data were taken. 

I n  c rder  t o  analyze t h e  

A t y p i c a l  d i s t r ibu t ion  i s  shown i n  sketch 4. 

. 
a = 25' 

One cycle 
.6 - 

0 

dw 93 - +gc -2- 

0 I 1 1 

00 90° -00 -9oO oo goo -00 -goo 00 

Ray angle, 8' 
Sketch 4 



The ordinate represents  t h e  r a t i o  of l o c a l  heat-transfer coef f ic ien t  of a point  
on t h e  periphery t o  t h e  heat-transfer coeff ic ient  a t  t he  geometric center  of 
t he  nose. @; 90' representing t h e  wind- 
ward posit ion and -90' t he  leeward pos i t ion .  

The abscissa i s  t h e  angle of ro t a t ion  

From the  cha rac t e r i s t i c s  of t he  heat path, t h e  sampling r a t e s  and t h e  spin 
r a t e  (approximately 2.5 revolutions/sec) of t he  f l i g h t  model, t h e  f l i g h t  da t a  
could not be expected t o  show the  va r i a t ion  i n  heating r a t e s  caused by the  ro ta -  
t i o n  of the  model. Therefore, as a net  e f f e c t ,  t he  skin of t h e  f l i g h t  model 
w a s  assumed t o  a c t  so as t o  in t eg ra t e  t h e  var ia t ion .  To simulate t h i s  e f f e c t ,  
t he  circumferential heating curves were integrated and an average value found. 
The average value f o r  a = 25' i s  shown i n  sketch 4 as h h -1 gc' 

A s  a check on the  e r r o r  caused by t h i s  assumption, a temperature-response 
curve was p lo t ted .  For t h i s  comparison, t h e  r a t i o  h/hgc was taken t o  be 
equal t o  q/qgc. An a r b i t r a r y  value of qgc = 80 Btu/( sq f t ) (  sec) w a s  assumed 
and the  time i n t e r v a l  f o r  t h e  p l o t  was chosen as 0.4 second, t he  approximate 
period of t he  ac tua l  spinning motions. The r e su l t i ng  p l o t  i s  shown i n  sketch 5.  

1 spinning cycle 
60[ a = 25O 

0 .2 .4 
Time, sec Sketch 3 

The dashed l i n e  represents  t h e  temperature response computed when t h e  values of 

i s  used. 
h/hgc a re  used and t h e  so l id  l i n e ,  when t h e  in tegra ted  average value q h g c  

The m a x i m u m  discrepancy i s  on the  order of 6' R .  

Sketch 6 shows the  varia- S . 6 -  - = 2.1 
/ 

// 
t i o n  of L/hgc with angle of rn 
a t tack;  again, t h e  curve has 
been extraploated from a = 30° 0 

t o  bo. 
0 

0 su 93 - / 
1 
I A  

The re la t ionship  between 
average heat-transfer coef f i -  I 1 I 1 

c ien t  and angle of a t t ack  was 0 10 20 30 40 
then applied t o  t h e  angle-of- 
a t t ack  time h i s to ry  ( f i g .  26). 
Once again, t h e  assumption w a s  
made t h a t  h/hgc was equivalent Sketch 6 

a, deg - 20 



t o  q/qgc 
ac tua l  flight measurements. The r e s u l t s  a r e  presented i n  f igure  30. 

i n  order t o  compare the  r e s u l t s  predicted by t h i s  method with the  

The calorimeter measuring device was not sens i t ive  enough t o  determine the  
high rate f luc tua t ion  of the  heating rates .  Therefore, these computed osc i l -  
l a to ry  heating r a t e s  were a l so  integrated and averaged i n  order t o  permit com- 
parison with the  f l i g h t  data.  

One assumption made i n  the  t e x t  requires fu r the r  jus t i f ica t ion ;  namely, 
t he  assumption that h/hgc and q/Qc are equivalent at  any given s t a t ion  and 
in s t an t  of t i m e .  

Since re rad ia t ion  was only of the order of 1 percent 

Since for the  data  range covered, the quan t i t i e s  (Taw - Tw)f and 
(Taw - Tw)gc were near ly  equal i n  numerical value, 

- 1  

theref  ore, 

. Final ly ,  although the  thermal capacity of the  w a l l  and t h e  sampling rates 
do, t o  a grea t  extent,  tend t o  average the t i m e  var ia t ion  of t he  heating rates, 
some va r i a t ion  i s  measured. Since t h e  data received a re  i n  the  form of tempera- 
t u r e  t i m e  h i s t o r i e s  m d  since the  range of temperature f luc tua t ions  was within 
the inherent s c a t t e r  of the temperature data, there  was no way 03 actualljr 
determining the  s i zes  and shapes of these f luc tua t ions  from the  data.  
fore,  in tegra t ing  and averaging of t h e  data was introduced when the  temperature 
da ta  were f a i r ed .  

There- 
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TABU I . . VELOCITY PACKAGE AND ADAITOR WEIGHTS 

Weights of f i f t h  stage : 
Telemeter package. 15 . . . . . . . . . . . . . . . . . . . . . .  
Teflon nose cap with sensors. lb . . . . . . . . . . . . . . . .  
Payload s t ructure .  lb . . . . . . . . . . . . . . . . . . . . . .  
Motor support. lb . . . . . . . . . . . . . . . . . . . . . . . .  
B a l l a s t .  lb . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Motor at  burnout. Ib . . . . . . . . . . . . . . . . . . . . . .  

Total  components weight. lb . . . . . . . . . . . . . . . . . . . .  
Propellant weight. lb . . . . . . . . . . . . . . . . . . . . . .  

Loaded w e i g h t .  lb . . . . . . . . . . . . . . . . . . . . . . . . .  

Inconel cap. lb . . . . . . . . . . . . . . . . . . . . . . . . .  

1 Weights of adaptor connecting four th  and f i f t h  stages: 
I Payload adaptor and separation device. lb . . . . . . . . . . . . .  

Attachment hardware. lb . . . . . . . . . . . . . . . . . . . . . .  
Balance weight. lb . . . . . . . . . . . . . . . . . . . . . . . .  

Total  weight a top Scout. lb . . . . . . . . . . . . . . . . . . . . .  

50.60 
8.48 

14.27 
48.w 
8.81 
6.49 

18.30 
155 45 
140.80 
296 25 

55.74 
0.13 
0.50 

352.62 
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407.7% 
407.9% 
408.148 
408.346 
408.546 
408.746 
408.946 
409.3% 
409.5% 
409.736 

2% 
410.5% 
410.728 
410.926 
411.126 
411.326 
411.526 
411.726 
411.918 
412.116 
412.316 
412.516 
412.716 
412.916 
413.116 
413.308 
413. X6 
413.706 
413.906 

~- 
408.652 
408.852 
408.952 
409.147 
409.247 
409.347 
409.447 
409.642 
409.742 
409.842 
410.242 
410.442 
410.742 
410.932 
4ll.079 
411.232 
4ll.432 
'All. 532 
411.632 
411.732 
411.827 
411.927 
412.122 
412.222 
412.422 
412.522 
412.622 
4ic.7:~ 
413.017 
413.117 
413.217 
413.317 
413.417 
413.512 
413.612 
413.712 
413.812 
413.912 
414.012 
414.112 
414.212 
414.307 
414.507 
414.607 
414.707 
414.807 

550 
548 
53 5 
535 
539 
535 
534 
529 
527 
521 
531 
532 
528 
537 
540 
539 
545 
?+4 
548 
543 
539 
534 
535 
532 
531 
532 
534 
532 
526 
532 1 

414.106 
414.306 
414.498 
414.6% 
414.896 
415.096 
415.2% 
415.686 
415.886 
416.086 
416.286 
416.470 
416.676 
416.876 
417.076 
417.268 
417.466 
lhl7.666 
417.866 
418.0% 
418.2% 
418.4% 
418.848 
419.046 
419.246 
419.446 
419.6% 
419.8% 
420.0% 
420.2% 

537 
516 
511 
521 
521 
5% 
526 
534 
520 
529 
520 
520 
536 
522 
541 
533 
528 
524 
518 
529 
530 
527 
524 
526 
545 
528 
530 
521 
531 
528 
539 
522 
528 
525 
541 
528 
546 
525 
537 
533 
549 
538 
531 
736 
531 
536 

414.902 
415.002 
415.102 
415.202 
415.302 
415.497 
415.97 
415.697 
415.792 
415.992 
416.092 
416.287 
416.97 
416.487 
416.591 
416.882 
417.077 
417.177 
417.377 
417.472 
417.572 
417.672 
417.772 
417.867 
417.967 
418.067 
418.162 
418.%2 
418.462 
418.562 

418.857 
419.052 
419.2>2 
419.352 
419.452 
419.647 
419.747 
419.842 
419.942 
420. 042 
420.142 
423.237 
620.457 
420.6Y:' 
4m. 73? 

418.757 

-~ 

Thermocouple 1 - 
533 
539 
537 
548 
543 
548 
550 
546 
542 
534 
537 
542 
537 
539 
545 
543 
545 
54 j 
550 
554 
558 
554 
559 
5% 
555 
553 
553 
550 
553 
560 _- 

-I 420.428 

420.826 
421.026 
421.218 
421.416 
421.616 

420.626 

421.816 
422.016 
422.208 
422.406 
422.606 
422.806 
423.d 
423.198 
423.76 
423.5% 
423.788 
423.986 
424.186 
424.3% 
424.586 
424.778 
424.976 
425.176 
425.376 
425.576 
425.768 
425.566 
426.166 

Thermocouple 10 
-~ 
540 
552 
520 
545 
542 
540 
5% 
5% 
544 
547 
524 
551 
559 
>33 
559 
547 
545 
543 
5% 
559 
5% 
570 
%6 
570 
5% 
$1 
5% 
>73 
578 
5% 
582 
587 
278 
985 
%7 
572 
600 
604 
586 
611 
611 
600 
618 
617 
627 
636 

~~ 

420.932 
421.027 
421.127 
421.227 
421.327 
421.427 
421.527 
421.622 
421.722 
421.827 
421.917 
422.017 
42z.iii 
422.317 
422.412 
422.512 
422.617 
422.712 
422.812 
422.912 
423.012 
423.112 
423.202 
423. 30? 
423.402 
423.502 
423.602 
423.702 
423.797 

423.997 
424.097 
474.192 
424.297 
424.492 
424.592 
424.687 
424.882 
424.982 
425.082 
425.182 
425.282 
425.477 
425.577 
425.677 
425.777 

423.897 

- 

~ . . . - 

555 
565 
582 
572 
577 
588 
591 
602 
602 
611 
606 
607 
618 
620 
625 
625 
639 
645 
648 
666 
670 
675 
693 
689 
710 

734 
733 
738 

72 

~ 

~~ 

623 
6% 
641 
6% 
650 
661 
658 
653 
672 
6 79 
702 
680 
698 
690 
689 
724 
718 
721 
723 
734 
741 
747 
765 
758 
769 
783 
Ti9 
777 
782 
780 
802 
801 
5414 
814 
832 
825 
8 9  
861 
878 

907 
914 
918 
921 
931 

% 

426.366 
427.3% 
427.548 
427.746 

428.5% 

429.326 
429.726 
429.9s 

427.946 
428.146 

428.736 
429.128 

430.316 
430.708 

431.306 
431. SCo 
433.086 
433.676 
433.876 
434.266 
434.466 
434.8% 
435.646 

430.935 

425.967 
426.067 
426.267 
426.567 
427.257 
427.357 
427.457 
427.557 
427.752 
427.852 
427.952 
428.052 
428.347 
428.447 
428.547 
428.642 
428.937 
429.037 
429.137 
429.237 
429. 432 
429.532 
429.63? 
429.727 
429.827 
4G.027 
430.151 
430.222 
430.322 
430.422 
430.617 
430.717 
430.817 
4'30.917 
4ji.Oii 
431.159 
431.212 

431.407 
431.507 

431.307 

433.571 
433.677 
434.077 
434.177 
434.272 
434.372 

7m ,~ 
812 
828 
837 
879 
886 
902 
916 
946 
968 
998 

1087 
1094 
1127 
1163 
1275 
1% 
1376 
1398 
1424 
1502 
1603 

1010 
1047 

9% 
977 
1003 
963 
1090 
1116 
11% 
1162 
1167 
1179 
lleQ 
1191 
1250 
1225 
1291 
1300 

1%7 
1387 
1402 
1430 
1441 
1448 
11165 
1493 
1521 
1554 
1576 
1593 
1649 
1654 
1688 
1713 
1725 
1739 
1782 

1343 

1782 
1816 
1840 
1830 
2416 
24>2 
2579 
2583 
2603 
2654 1 



t, sec T, OR t, sec T, % t, sec T, @R t, sec T, T, OR t, sec 

Thermocouple 4 

Y + Y  

418.480 
418.580 
418.777 
418.877 
419.070 
419.270 
419.370 
419.470 
419.667 
419.767 
419.860 
419.960 
420.60 
420.160 
420.257 
420.457 
420.650 
420.750 
420.950 
421.047 

421.347 
421.447 
421. 547 

4u.740 
4 u . m  
421.937 
422.037 
422.137 

422.430 
422.530 
422.630 
422.750 
422.83 

421.147 
421.247 

,I !el.€& 

422.337 

TI4 
3427 
798 
846 
798 
812 
821 

852 

429.673 
429.747 

430.153 
430.240 

429.847 430.047 

430.440 430.637 
430.340 

430.737 

757 

864 

902 905 
920 
939 
962 
929 
1057 

429.550 

:30.837 1 "0.937 431.037 

I I  431.197 431.230 
431.327 
431.427 
431.527 
433.597 
433.697 
434.097 

TABLE II.- INCONEL INSIDE SURFACE MEAsUFX?ZhTS - Continued 

Le 2 
~ 

635 
654 
650 
6% 
6% 
665 
659 
658 
6% 
666 
669 
281 
692 
684 

22 
702 
715 
729 
721 
732 
739 
765 
769 
749 
772 
783 
791 
762 
859 
1057 
891 
917 
912 
943 
935 
941 

Themoc 

I 516 
508 
521 
520 
514 
526 
529 
505 
527 
513 
533 
531 
513 
5% 
554 
230 
514 
522 
523 
533 
520 
523 
521 
527 
524 
522 
518 
529 
523 
529 
516 
526 
521 
529 
517 
540 

414.15 
414.25 
414.334 
414.534 
414.634 
414.734 
414.834 
414.926 
415.026 
415.126 
415.226 
415.326 
415.524 
415.624 
415.724 
415.816 
416.016 
416.116 
416.314 
416.414 
416.514 
416.620 
416.906 
417.104 
417.- 
417.404 
417.4% 
417.596 
417.696 
417.796 
417.894 
417.994 
418. 094 
418.186 
418.3% 
418.486 
418.586 

521 
520 
5m 
533 
527 
524 
527 
543 
5 5  
522 
534 
532 
533 
ylo 
530 

% 
519 
545 
550 
535 
532 
525 
526 
529 
548 
544 
545 
545 
561 
551 
537 
5 5  
543 
543 
545 
541 

418.784 
418.884 
419.076 
419.276 
419.376 
419.476 
419.674 
419.774 
419.866 
419.966 
420.66 
4m.166 
420.264 
4m.464 
420.6% 
420.7% 
420.9% 
421.054 
421.154 
421.254 
421.354 
421.454 
4ri.554 
421.646 
421.746 
421.846 
421.944 
422.044 
422.144 
422.344 

422.5% 
422.65 
422.7% 
422.8% 
422,9% 

422.4% 

423.03 
_. - __ -. 

561 
555 
550 
553 
548 
548 
559 
547 
551 
578 

555 
580 
567 
575 
598 
559 
574 
570 
583 
586 
587 
58; 
533 
594 
520 
%9 
607 
613 
594 
601 
624 
632 
628 
633 
627 
6g 

577 

423.15 
423.226 
423.326 
423.426 
423.526 
423.626 
423.726 
423.824 
423.924 
424.024 
424.124 
424. 216 
424.324 
424.516 
424.616 
424.714 
424.906 
425.006 
425.16 
425.26 
425.36 
425.504 
11?5.6& 
425.704 
425.804 
425.994 
426.094 
426.294 

427.284 
1127. jB4 
427.484 
427.584 
427.776 
427.8% 
427.976 
1128.076 

426.594 

428.374 
428.474 
428.574 
428.666 
428.964 

429.164 
429.64 

429.264 
429.4% 
429.5% 
429.6% 
429.754 
429.854 
430.054 
430.160 
430.246 
430.346 
430.446 
430.644 
430.744 
430.844 
430.944 
431.044 
431.210 
431.25 
431.334 
431.434 
431.534 
433.604 
433.704 
434.104 
434.204 
434.2% 
434.396 
434.494 
434.794 
434. e94 

971 
954 
948 
968 
1009 
1020 
1010 
1022 
1059 
1040 
1045 
1091 
1082 
ll05 
1105 
11% 

1154 
1135 

1151 
1144 
1185 
1189 
1175 
1206 
1203 
557 
1249 
1241 
1489 
1470 
1511 
1510 
1439 
1464 
1478 
1578 
1613 

408.876 
408.976 

409.374 
409.474 

409.766 
409.866 
410.266 
410.466 
410.766 
410.9% 
411.130 
4ll.256 
411.456 
411.556 
411.656 

411.854 

417.146 
412.246 
412.446 
412.546 
412.646 
412.746 
413.044 
413.144 
413.244 
413.344 
413.444 
413.5% 
413.65 
413.7% 
413.83 
413.9% 
414.05 

409.174 
409.274 

409.666 

411.7% 

411.954 

527 

7 
II 

408.670 
408.870 
408.970 
409.167 
4w. 6 7  
w . 3 7  
1'3.167 
409.660 
409.760 
409.860 
410.260 
410.460 

410.950 
4ll.117 
411.250 
411.450 
411.550 
411.650 
411. 7% 
411.847 
411.9b7 
lt12.140 

410.760 

5% 
512 
512 
521 
914 
525 >s 
529 
511 
525 
511 
528 
5% 
516 
5% 
533 
530 
527 
523 
521 
526 
520 
517 
525 
535 
524 
525 
518 
529 
520 
532 
530 
527 
5m 
537 
517 
540 

413.950 
414.050 
414.130 
414.230 
414.327 
414.527 
414.627 
414.727 
414.827 
414.920 
415.020 
415.120 
415.220 

527 
530 
518 
532 
524 
532 
534 
525 
532 
539 
549 
520 
540 
541 
535 
542 
531 
533 
545 
522 
541 
550 
545 
541 
549 
537 
5 x ,  
551 
553 
548 
559 
554 
564 
549 
554 
542 

%O 
552 
566 
562 
565 
567 

575 
563 
5 9  
595 
595 
578 
593 
593 
610 
628 
603 
601 

611 
6jo 
628 
644 
619 
6:5 
609 
657 
645 
665 
650 

683 

$2 

612 

2; 
701 
797 

422.930 
423.050 
423.130 
423.220 
423.320 
423.420 
423.520 

423.720 
423.817 
423.917 
424.017 
424.Ll7 
424.210 
424.317 
424.510 
424.610 
424.707 
424.W 
425.000 
425.100 
425.200 

42j.620 

1182 
1183 
1224 
119.3 
1246 
1267 
1326 
135 
13% 
1351 
1405 
1393 
1409 
1437 
1461 

1505 
1553 
1566 
lW 
1612 

1471 

415.320 
415.517 
415.617 
415.717 
415.810 
416.010 
416. U O  
416.307 
416.407 
416.507 
416.613 
416.9 
417.04'1 
417.197 
417.397 
417.490 
417.590 
417.690 
417.790 
h17.RR7 
417.987 
418.087 
418.180 
418.3% 

16 29 

1642 
1635 

;% 
ln7 
1240 
1744 
1766 

425.W 
425.497 
425.597 
475.697 
425.797 
425.987 
426.087 
426.287 

4U. 240 
412.440 
412.540 
412.640 
412.740 
413.037 
413,137 
413.237 426.587 

427.377 
427.477 
427.577 
427.770 
hg.R7n 

427.277 
2277 
2332 
2393 
P41? 
2% 
2499 
2528 

4lj.,ji 
415.437 

413.630 
415.750 
413.830 

413.530 

Ij 

25 



t, 6ec T, OR t, sec T, OR t, sec T, OR t, sec T, OR t, sec 
- 

T, OR 

TABLE 11.- INCONEL INSIDE SURFACE T-m MEAsUlEMXNi"S - Continued 

ll t, sec I T, OR 
~ 

Thermocouple 3 >le 5 
~ 

548 
548 
551 
552 
551 
543 
542 
542 
547 
545 
550 
552 
551 
553 
552 
565 
568 
566 
570 
583 
589 
584 
587 
590 
595 
601 
612 
612 
623 
6% 
637 
654 
663 

~. 

le 9 

548 
548 
243 
sb 
542 
550 
545 
548 
548 
549 
550 
547 
560 
563 
569 
566 
574 
576 
575 
573 
575 
586 
587 

601 
609 
618 
623 
6 28 
640 
650 
663 
675 
686 
677 
685 

601 

~ 

(I-. 

Thermac 

407.543 
407.743 
407.943 

408.333 
408.533 
408.733 
408.933 
409.323 
409.523 
409.723 
4G9.923 
410.323 
410.523 
410.715 
410.913 
411.113 
4ll.313 
411.513 
411.713 
411.905 
412.103 
412.303 
412. 503 
412.703 
412.903 
413.103 
413.295 
413.493 
413.693 
413.893 
414.093 
414.293 
414.485 
414.683 
414.883 
415.083 

408.135 

548 
546 
548 
537 
53 5 
540 
538 
532 
528 
5% 
521 
532 
529 
526 
537 
540 
544 
548 
543 
548 
ylo 
539 
532 
532 
529 
531 
530 
533 
535 
526 
532 
533 
537 
537 
545 
548 
545 _ _  

415.283 
415.673 
415.873 
416.073 
416.273 
416.465 
416.663 
416.863 
417.063 
417.255 
417.453 
417.653 
417.853 
418.045 
418.243 
418.443 
418.855 
419.033 
419.233 
419.433 
419.625 
419.823 
420.023 
420.223 
420.415 
420.613 
420.813 
421.013 
421.205 
421.403 
421.603 
421.803 
422.003 
422.195 
422.393 
422.593 

553 
545 
539 
539 
53 5 
541 
536 
541 
543 
548 
543 w 
5% 
5% 
558 
555 
560 
562 
5% 
557 
551 
554 
555 
560 
5% 
568 
579 
574 
587 
589 
596 
605 
603 
623 
617 
617 

422.793 
422.993 
423.185 
4 2 3 . 9 3  
423.583 
423.775 
423.973 
424.173 
424.373 
424.573 
424.765 
424.963 
425.163 
425.53 
425.563 
425.755 
112:. 953 
426.153 
4 2 6 . M  
427.343 
427.535 
427.733 
427.933 
428.133 
428.523 
428.723 
429.115 
429.313 
429.713 
429.913 
430.303 
430.695 
430.893 
431.293 
431.493 
433.073 

635 
635 
643 
649 
657 
673 
667 
698 
710 
715 
729 
724 
749 
754 
777 
793 
7% 
802 
805 
893 
909 
916 
969 
981 
106 
1020 
1064 
1101 
1128 
ll46 
n e 9  
1234 
1237 
1278 
1316 
1446 

407.530 
407.730 
407.930 
408.m 
408.320 
408.520 
408.720 
408.920 
409.310 
409.510 

409.910 
410.310 
410.210 
410.702 
410.900 
4 l l .  1w 
4Ll.300 
4LL.500 

409.710 

411.700 
411.892 
412.090 

412.490 
412.690 
412.890 
413.0gO 
413.282 
413.480 
413.680 
413.880 
414.080 
414.280 
414.472 

412.290 

548 
545 
544 
sb 
535 
541 
5% 
531 
530 
528 
521 
534 
529 
526 
537 
540 
545 
548 
542 
554 
542 
539 
532 
532 
535 
534 
532 
5 5  
539 
527 
5% 
5% 
542 
540 

414.670 
414.870 
415.070 
415.270 
415.660 
415.860 
416.060 
416.260 
416.452 
416.650 
416.8% 

421.590 

421.990 
422.182 
422.380 
422.580 
422.780 
422.980 
423.172 
423.370 
423.570 
423.762 
473.950 

421.790 

424.160 
424.%0 
424.560 
424.752 
L.74.950 
425.150 
425.350 
425.550 
'125.742 
425.940 
426.140 
426.340 
427.3jo 
427.522 
427.720 
427.920 
428.120 
428.510 
428.710 
429.102 

6 79 
695 
704 
720 
718 
718 
737 
742 
770 
n 7  
788 
810 
814 
8% 
853 
R76 
899 
897 
932 
943 
958 
986 

1003 
1024 
10% 
1178 
1217 
1240 
1291 
1329 
1 3 9  
1414 
1497 

417.0% 
417.242 
417.440 
417.640 
417.840 
418.032 
418,230 
418.430 
418.822 
419. 020 
419.220 
419.420 
419.612 
419.810 
420.010 
420.210 
420.402 

420.800 
421.000 
421.192 

420.600 

421.390 

~~ 

407. go3 
407.703 
407.903 
408.097 
408.293 
408.493 
408.693 

409.483 
409. 683 
409.883 

410 .483 
410.677 

408.893 
409.283 

410.283 

410.873 
411.073 
411.273 
411.473 

411.867 
412.063 
412.263 
412.463 
412.663 
412.863 
413.063 
413.257 
413.453 
413.653 

414.053 
414.253 
414.447 
414.643 
414.W3 
415.043 

411.673 

413.853 

Thermocouple 7 Tnermocc _ _  
415.0% 
415.2% 
415.646 
415.846 
416.046 
416.246 
416.440 

416.8% 
417.0% 
417.230 
417.426 
417.626 
417.826 
418.020 
418.216 
418.416 
418.810 
419.006 
419.26 
419.406 
419.600 
419.7% 
419.9% 
420.1% 
420.390 
420.586 
420.786 
420.986 
421.180 
421.376 
421.576 
421.776 
421.976 
422.170 
422. %6 

416.6% 

- 
695 
7 6  
723 
741 
751 
757 
7% 
782 
7% 
809 
825 
847 
858 
879 
899 
go3 
927 
944 
961 
982 
logo 
l l24  
l l 5 1  
U82 
U15 
1274 

1370 
1404 
1466 
1507 
1587 
1680 
1714 
1801 
1853 

1x4 

~~~ 

415.243 
415.633 
415.833 
416.033 
416.233 
416.427 
416.623 
416.823 
417.023 
417.217 
417.413 
417.613 
417.813 
418.007 
418.203 
418.403 

418.993 
419.193 
419.393 
419.587 
419.783 
419.983 
420.183 
420. 377 
420.573 
420.773 
420.973 
421.167 

418.797 

421. $3 
421.53 
421.763 
421.953 
422.157 
422.353 
422.553 

407.516 
407.716 
407.916 

545 
545 
544 
537 
535 
540 
535 
5% 
529 
529 
522 
535 
530 
5% 
537 
sb 
544 
5118 
543 
549 
542 
542 
532 
532 
534 
535 
533 
5% 
539 
530 
540 
537 
540 
540 
549 
545 

422.566 % I/ 422.766 
548 422.966 

545 
542 
544 
535 
534 
5% 
534 
537 
5* 
529 
522 
532 
529 
528 
5 5  
534 
ZL:, 
543 
543 
547 
539 
542 
534 
532 
531 
532 
532 
533 
539 
530 
5% 
534 
541 
537 
549 
542 
549 

692 
703 
725 
735 
740 
755 
769 
777 
7% 
810 
829 
831 
8% 

876 
893 
910 
926 
947 

1046 
1078 
1107 
1135 
11% 
1215 
1246 
1314 
1343 
1405 
1446 
1509 
1587 
1624 
1708 
1748 
2129 

872 

422.753 

423.147 
423.343 
423.543 
423.737 
423.933 
424.133 
424.333 
424.533 
424.727 
424.923 
425.123 

422.953 

408.110 
4OB.jo6 
408.506 
408.706 
408.96 
409.296 
409.4% 
409.6% 
409.8% 
410.296 
410.496 
410.690 
410.886 
411.086 
411.2% 
411.486 
411.606 
411.880 
412.076 
412.276 
412.476 
412.676 
412.876 

542 423.i60 
542 423.3% 
542 423.5% 
550 423.750 
547 423.946 
550 424.146 
555 424.346 
545 424.546 
550 424.740 
552 424.956 
30 425.ij6 
565 425.3% 
572 425.5% 
566 425.730 
579 425.926 
581 426.126 
577 426.326 

425.32j 
425.523 
425.7l7 
425.913 
426,113 
4x1.313 
427.303 
427.497 
427.693 
427.893 

577 427.316 
580 427.510 
590 427.706 
591 427.906 
604 428.106 
608 428.495 
615 428.696 
623 429.09 
631 429.286 
637 429.686 
651 429.886 
657 430.276 
673 430.670 
686 430.866 
698 4jo.266 
697 431.466 

426.Gj 
428 .u3  
428.683 
429.077 
429.273 
429.673 
429. 873 
430.263 
450.657 
430.853 
451.253 
431.453 
433.033 

413.076 
413.270 
413.466 
413.666 
413.866 
414.66 
414. & 
414.460 
414.6% 
414.8% 

26 



TABLE 11.- INCONEL INSDE SURFACE  AT^ KEAS-S - Continued 
- 

T, OR t, sec t, sec T, OR t, 6eC T, 

408.664 
408.864 
408.964 
4og.160 
409.SO 
4og.560 

409.651 
"09.754 

409.460 

$:E$ 
410.454 
410.754 
410.944 
411.104 
411.244 
411.444 
411.544 
411.644 

411.840 
411.940 
412.134 
412.234 
412.434 
412.534 
412.634 
412.734 
413.030 
413.130 
413.230 
kl3.330 
413.430 
413.524 
413.624 
413.724 

4ll.744 

544 ' 
525 
533 
528 

531 5% 
527 
534 
531 
5% 
546 

531 550 
541 
542 
540 

5m 5% 
5% 
541 
525 
551 
SO 

408.658 
408.858 
408.958 
409.154 
409.254 
409.354 
409.454 
L M . 6 4  
409.748 
k09.848 
410.248 
410.448 
410.748 
410.938 
411.092 
411.238 
411.438 
411.538 
L11.69 
411.738 
411.834 
411.934 
Li2.i28 
412.22R 
h12.428 
412.528 
412.628 
412.728 
413.024 
413.124 
413.224 
413.324 
413.424 
413.518 
413.618 
413. n8 

418.166 
418.368 
418.468 
418.568 
418.764 
418.864 
419.058 
419.258 
419.3% 
419.458 
419.654 
419.7% 
b19.848 
419.948 
420.048 
420.148 
420.244 
420.444 
420.6% 
420.7% 
420.9% 
421.034 
421.134 

538 
516 
512 
521 
523 
523 
5m 
528 
516 
533 
515 
521 
5% 
519 
541 
533 
532 
528 
527 
521 
526 
526 
521 
524 
536 
525 
527 
520 
524 
528 
528 

528 
524 
5% 
527 

>a4 

550 
551 

413.824 
413.924 
414.024 
414.124 
414.224 
414.320 
414.520 
414.620 
414.720 
414.820 
414.914 
415.014 
415.114 
415.214 
415.314 
415.510 
415.610 
415.710 
415.804 
416.004 
416.104 
416.300 
416.400 
416. m 
416.606 
416.894 
417.090 
417.190 
417.390 
417.484 
417.584 
ii7.684 
417.784 
417.880 
417.980 

I 4Zl.234 
421.334 

5 9  
516 
512 
521 
523 
523 
531 
534 
519 
535 
519 
523 
5% 
512 
541 
535 
5% 
528 
530 
528 
5m 
524 
517 
528 
541 
529 
527 
517 
531 
528 
539 
525 
>28 
2 5  
530 
524 

545 

559 554 

559 563 
5% 

413.818 
413.918 
414.018 
414.118 
414.218 
14lh.314 
414.514 
414.614 
414.714 
414.814 
414.908 
4 1 5 . m  
415.108 
415.208 
4 1 5 . N  
415.504 
415.604 
415.704 
415.798 
415.998 
416.098 
416.294 
L16.394 
416.494 
416.598 
416.888 

417.184 
417.384 
417.478 
417.578 
417.678 
417.778 
417.874 
417.974 
b18.074 

4 l i . d L  
421.620 
421.728 
421.828 
421.94 
422.024 
422.124 

544 
525 
529 
528 
531 
528 
533 
534 
531 
533 
542 
548 
532 
2: ;;; 
5% 
5% 
533 
544 
522 
551 

32 
550 
% 
542 
543 
559 
559 
558 
565 
563 
570 
558 

Thermoi 

418.080 
418.174 
418.374 
418.474 
418.574 
418.770 
418.870 
419.064 
419.264 
419.54 
419.464 
419.660 
419.760 
419.854 
419.954 
420.054 
420.154 
420.250 
420.450 
420.644 
420.744 
420.944 
421.040 
421.140 
421.240 

421.440 

421.634 

421.834 

422.030 
422. lX, 
422.350 

421.340 

421.540 

421.734 

L 2 l .  950 

Thermoc 

554 
558 
567 
572 
5% 
582 
577 
574 
571 
583 

585 
599 
582 
621 
609 
608 
609 
625 
611 

639 

639 
6 51 
666 
659 
659 
677 

571 

2;; 
641 

644 
701 
686 
702 
691 

le 8 

t, sec I T, OR )I t, 5ec I T, OR 

422.424 
422.524 
422.624 
422.724 
422.824 
422.924 
423.024 
423.124 
423.214 
423.314 
423.414 
423.514 
423.614 
423.714 
423.810 
423.910 
424.010 
424.110 
424.204 
424.310 
424.504 
42'1.604 
424.700 
424.894 
424.994 
425.094 
425.194 
425.294 
425.490 
4?>. 5$?€ 
425.690 
425.790 
425.980 
'26.090 
426.280 

691 
724 
728 
732 
746 
741 
759 
754 
779 
770 
785 
786 
794 
785 
808 
798 
822 
816 

5187 
833 
847 
85? 
863 
881 
905 
907 
922 
928 
933 
953 
963 
969 
9% 
1033 
1037 

~ 

702 
705 
724 
713 
727 
737 
74@ 
744 
749 
754 
768 
7% 
767 
768 
780 
783 

6197 
794 
817 
814 
821 
842 
8% 
872 
865 
892 
893 
893 
919 
913 
932 
957 
983 
944 

1 n 7 C  i" I" 

426.580 
427.270 
427.370 
427.470 
427.570 
427.764 
427.864 
427.964 
428.064 
428. $0 
428.460 
428.560 
428.6% 
428.950 

".1W 

429.444 
429.514 
429.644 
429.740 
429.840 
430.040 
430.146 
430.234 

430.434 
430.630 
430.730 
430.830 
430.930 
431.030 
431.184 
431. PP4 
431.320 

429.050 

429.250 

430.334 

477.?64 
4 2 j . h  
427.564 
427.758 
427.858 
427.958 
428.0% 
428.354 
"8. h+ 
428.551 
428.648 
428.944 
429.044 
429.144 
429.244 
429.438 
429.5% 
429.69 
429.734 
429.834 

430.19 
430.034 

430.228 
4jO. 328 

430.624 
430.724 
430.824 
430.924 
431.024 
431.172 
431.218 
431.314 
431.414 

h)O ,428 

431. j l L  

1012 
1140 
iin 
1181 
1218 
1231 
1241 
1271 
1282 
1331 
1304 
1 5 9  
1 9 3  
1428 

1465 

1528 
1545 
1551 
1585 
1599 
1633 
1660 
1702 

1769 
1803 
1826 
1838 
1854 
1874 
1944 
1935 
1734 

1458 

1479 

1724 

~ 

1074 
1106 
1131 
1153 
1164 
1173 
1191 
1225 
1212 
1263 
1277 
1322 
134.8 
13% 
1332 
1407 
1421 
1424 
1444 
1466 

1524 
1546 
1560 
1612 

1504 

1643 

;:E 
1692 
1702 
1758 
1757 
1785 
1799 
1% 



TABLE 11.- INCONEL INSIDE SURFACE TPIPERAWRE MEASUXENXWPS - Continued 

407.476 
407.676 
407.876 
408.072 
408.266 
408.466 
408.666 
408.866 

409.4% 

409.826 
410 .2 '5  

409.2% 

b 9 . 6 S  

4 i0 .4k  
410.6>2 
410.846 
411.046 
411.246 
4 1 1 . 4 4 6  
411.646 
411.842 
412.0% 
412. 2% 
412.456 
4i2.656 
412.836 
413.0% 
413.232 
413.426 
413.626 
413.826 
414.0'6 
414.226 
414.422 
41'1.616 

407.430 
407.6W 
4 0 7 . W  
408.046 
408.240 
408.440 
408.640 
408.840 
409.230 

4~9.650 
409.430 

409.830 
410.230 
410.430 
410.626 
410.820 
411.020 
411.220 
411.420 
411.620 
411.816 
412.010 
412.210 
412.410 
412.610 
412.810 
413.010 
413.206 
413.h 
413.600 
413.800 
414.000 
414.200 
414.396 
414.590 
414.790 
414.990 
415.190 
415.580 

- -~ 

540 
540 
540 
534 
534 
534 
533 
534 
529 
527 
518 
532 
529 
226 
5x5 
234 
539 
',4? 
540 
547 
532 
539 
531 
534 
531 
532 
532 
533 
542 
52 7 
236 
237 
540 
537 
543 

- 

540 
234 
z52 
229 
534 
529 
534 
534 
532 
529 
521 
532 
531 
524 
533 
534 
537 
537 
5% 
540 
532 
537 
531 
532 
527 
532 
529 
5% 
z39 
526 
532 
532 
534 
i34 
540 
534 
542 
z37 
339 

414.816 

412.216 
412.606 

415.016 

417.806 
416.006 
416.206 
416.402 
4i6.596 
416.796 
4 1 6 . M  
417.192 
417.386 
417.586 
417.786 
417.982 

41R.j76 
418.772 
410. 966 
419.166 
4 1 9 . S  

418.176 

419.262 
419.756 
419.956 
420.1% 
420.j52 
420.546 
420.746 

421.142 
420. 946 

421.3% 
421. 2% 

421.9% 
42l .7S  

Thcrmm 

416.576 
416. 570 
416.770 
416.970 
417.166 
417. 360 
417.560 
417.760 
417.956 
418.150 
418. 3W 
418.746 
418.940 
419.140 
419. 340 
419.536 
419.730 
419.930 
420.130 
420.326 
420.520 
4m.  ??O 
420.920 
421.116 
421.310 
421.510 
421.710 
421.910 
422.106 
422.300 
422.W 
422.700 
422.900 
423.6% 
4".?'M 
423.490 

Le I3 - ._ 

542 
549 
545 
548 
534 
537 
540 
548 
548 
548 
249 
549 
550 
550 
558 
559 
562 
564 
574 
279 
282 
576 
581 
586 
593 
602 
605 
626 
623 
631 
642 
647 
661 
677 
688 

Lc 11 

234 
530 
334 
>43 
243 
240 

541 
542 
548 
548 
5% 
545 
550 
5% 
553 
548 
550 
225 
548 
550 
552 
566 
563 
568 
278 
576 
580 
%9 
5 6  
599 
591 
602 
609 
621 
627 
629 
6 34 

% 

__ 
422.152 
422.326 
422. 226 
422.726 
422.926 
423.122 
423.316 
423.516 
423.712 
423.906 
424.106 
424.36 
424.X6 
424.702 
424.856 
422.096 
425.296 
422.496 
425.692 
422.3% 
426.086 
426.286 
427.276 
427.472 
427.666 
4'7.866 
428.066 
428.4% 
428.6% 
429.0)2 
429.246 
429.646 
429.846 
430.2% 

4:'j.GtX 
4 2 j . i i i i O  
424. ouo 
474.zDo 
4-4.4Sc 
424.676 
424.870 
425.070 
425.270 
425.470 
425.666 
425.860 
426.060 
426.260 
427.2m 
427.446 
427.640 
427.840 
428.040 
428.430 
428.630 
429.026 
429.220 
429.620 
429.820 
430.210 
450.606 
430.800 
431.200 
431.400 
4j2.980 
433.5 70 
433.770 
434.160 
434.%0 
4 3 4 . w  
432.540 
432.930 

T, @R 

__ 
695 
697 
707 
716 
750 
747 
762 
768 
778 
797 
809 
817 
838 
e63 
a7 
891 
910 
919 
931 
946 
973 

1001 
llO7 
1137 
1181 
1205 
1228 
1%' 
1335 
1383 
1449 
1213 
1546 
1657 

~~ 

63> 
6% 
660 
663 
6 76 
602 
682 
69? 
709 
720 
728 
74z 
74Y 
76 2 
812 
824 
839 
8% 
e 6 4  
904 
919 
952 
98G 
599 
1004 
1067 
1 0 8 4  
1110 
1123 
1159 
1332 
1%1 
1377 
1437 
1462 
1491 
1613 
I762 

t, sec 
~~ ~ 

- -- 
407.463 
407.663 
407.863 

408.453 
408.653 
408. 853 
409.243 
409.443 
409.643 
409.843 
410.243 
410.443 

410.833 
411.0 33 

411.453 
411.633 
411.829 
412.023 
412 ,223 
412.42 3 
412.623 
412.823 
413.023 
413.219 
413.413 
413.613 
413.813 
414.013 
414.213 
414.409 
414.603 
414.805 
!41'>.003 
41;.,>0., 

408.059 
408.253 

410.639 

$11.233 

~~ ~ 

401.43'1 

407.837 
408.034 
408.227 
408.427 

408.827 
409.217 
409.417 

409.817 
410.2l7 
410.417 
410.614 
410.807 
411.007 
411.207 
4ll.407 
4ll.607 
411.804 
411.97 
412.197 
412.397 
412.997 

412.997 
413.194 

413.537 
413.787 
413.67 
414.187 
414.384 
414. m 
414. '777 
414.977 
4 1 2 . 1 ~  
415.'67 
415.767 

407.63'1 

408.627 

409.617 

412.797 

413.387 

T ,  OR 

~ 

540 
5% 
536 
531 
534 
530 
532 
534 
531 
527 
518 
532 
530 
524 
533 
234 
243 

5% 
543 
53 3 
537 
531 
234 
229 
532 
532 
533 
234 
5% 

532 
537 
534 
240 
534 

>43 

240 

240 

,4e 

539 
23'1 
53 5 
529 
234 
529 
531 
534 
279 
227 
221 
533 
529 
523 
>26 
534 
532 
235 
5% 
539 
531 
532 
227 
229 
~ 2 7  
232 
537 
2% 
53 > 
527 
532 
532 
531 
529 
537 
535 
542 
i39 
539 
531 

~ 

Thermoco 

415.593 
415.793 
415.593 
416.193 
416.389 
416.583 
416.783 
416.983 
417.179 
417.373 
417. ;73 
417.773 
417.$9 
418.163 
418.%3 
418.729 
418.953 
419.123 
419.323 
419. 549 
419.743 
419.943 
420.143 

420.533 
420.339 

420.933 
4a.733 

421.129 
421.323 
421.523 
421.723 
421.923 
422.119 
422.313 
422. x 3  
422.713 
422.015 
433.10'1 

Thrrnm't  

416.927 
417.124 
417. 547 
417.'147 
417.747 
417.914 
418.137 

418.734 
418.927 
419.Y27 
419.327 
419.224 
419.7l7 
419.917 
420.117 
420.31!+ 
420.507 
470.707 
420.007 
421.104 
421.104 
421.297 
421.497 
421.697 
421.897 
472.094 
422. ?87 
422.487 
422.687 
422.887 

423.:"77 

418.337 

423.on4 

423.477 

e 15 - 
545 
539 
534 
539 
54 1 
241 
>40 
546 
346 
944 
246 
'151 
>',Z 
2 r f i  

,J>3 
2 ' 3  
560 
SJ 5 
227 
Y>9 
$ 2  
%O 
571 
572 
584 
%4 
591 
604 
605 
612 
625 
631 
643 
632 
6'>1 
6% 
t>l'>'> 
, ,A!, 

e 1') 

'J 50 
234 
237 
'I43 
'b35 
540 
'137 
232 
531 
543 
'143 
540 
345 
545 
%? 
249 
2 4  
54 5 
223 
>48 
523 
522 
559 
568 
%6 
574 
574 
571 
572 
587 
583 
593 
585 
CY% 

2% 
607 
611 
613 
616 

t, 5ec 
._ 

423. 303 
423.505 
423.659 
423.893 
424.093 
424.293 
424.493 
424.689 
424.883 
422.083 
425.203 
4'3.483 
425.679 
429.875 

4 6 , 2 7 3  
427.265 
417.439 

424.073 

427.655 
427.855 
428.023 
4?8.443 
428.643 
429.039 
429.233 
429.653 
429.833 
430.223 
430.619 
430.813 
431.213 
431.41) 
432.993 
"3. %3 
433.783 
434.175 
434.315 

4 ,'J. 674 

424.01; 7 
424.%7 
4?4.467 
424.664 
424.827 
42 ' j .O ' ,  7 
475.257 
47'1.4Y7 
4?5.6>4 
4?'1.847 

433. &'I 

4Zk.047 

427.257 
4%.?47 

477.434 
427.627 
LP7.82'7 
428.0?7 
428.417 
428.617 
429.014 

4:9.607 
429.807 
430.17'1 

430.781 
431.181 
431.387 
432.967 
433.257 
433.727 

434,547 
434.737 
435.'P7 
433.917 
456. '707 

429.a37 

430.594 

434.147 

689 
696 
70; 
724 
737 
743 
759 
775 
778 
79 1 
810 
8% 
044 
814 
876 
891 
9w1 

1005 
1041 
1067 
1070 
114> 
1174 
1225 
1282 
1309 
1325 
1422 
1463 
1511 
1579 
1604 
1917 
2013 
2052 
2181 
' ? '>I  

-~ 
,518 
63(1 
6 36 
64', 
648 
6C19 
6'>7 
66 2 
677 
687 
691 
70'1 
711 
717 
76 4 
770 
785 

811 
046 
854 
884 
912 
929 
9~ 
991 
99 

1027 
1063 
1070 
1222 
12 51 
1275 
1326 
13% 
1382 
1463 

1700 

80'7 

1546 

28 



TABLE 11.- INCONEL INSIDE SUHFACE TPMPERATURE MEASURFMENTS - Concluded 

t ,  s e c  T, t ,  s e c  T, t, sec T ,  t, s e c  T ,  OR 

408.640 
408.840 
408.940 
409.134 
409.234 
w . 3 3 4  
409.434 
409.630 
409.730 
409.830 
410.230 
410.430 
410.730 

411.054 
411.220 
411.420 

411.620 

411.814 
411.914 
412.110 
412.210 
412.410 

410.920 

411.520 

411.720 

412.510 
412.610 
412. P O  
413.004 
413.104 
41j.2Qk 
413.304 
413.404 
413.500 
413.600 
413.700 
413.800 
413. go0 
414. coo 
414.100 
414.200 
414.84 
414.494 
414.B4 
414.694 

__ 
537 
514 
511 
520 
5 a  
529 
528 
540 
520 
528 
522 
525 
535 
517 
541 
531 
532 
325 
530 
529 
530 
527 
522 
531 
545 
524 
522 
521 
531 
526 
537 
517 
528 
525 
539 
528 
546 
530 
543 
533 
533 
524 
533 
532 
531 

414.794 
414.890 
414.990 
415. OgO 
415.190 
415.29 
415.484 
415.584 
415.684 
415.780 
415.980 
416 .&O 
416.274 
416.374 
416.474 
416.577 
416.870 
417.064 
417.164 
417.j64 
417.460 
417. 560 
417.660 
417.760 

417.954 
417.8>4 

418.054 
418.150 
418.350 
418.450 
4i8.5y.1 
418.744 
418.844 
419.040 
419.240 
419.340 
419.440 
419.634 
419.734 
419.830 
419.950 
420.030 
42Q.130 
420.224 
420.424 

535 
540 
552 
529 
540 
542 
539 
536 
5 5  
537 
545 
524 
547 
552 
533 
558 
548 
544 
543 
560 
552 
558 
567 
559 
567 
565 
549 
558 
574 
577 
555 
582 
572 
575 
580 
587 
574 
601 
593 
587 
615 
60:, 
592 

617 
619 

420.620 
420.720 
420.920 
421.014 
421.114 
421.214 
421.314 
421.414 
421.514 

4 2 l . P O  
421.610 
421.904 
422.004 
422.104 
422.304 
422.400 
422.500 
422.600 
422.700 
422.800 
4 2 2 . m  
423.000 
423.100 
423.190 
423.290 
423.390 
423.490 
423.590 
423.69 
423.784 
423.884 
423.984 
424.084 
424.180 

424.480 
424.580 
424.674 
424.870 
424.970 
425.070 
425.170 
425.270 

421.610 

424.284 

632 
631 
628 
638 
637 
653 
648 
659 
6% 
661 
677 
680 
691 
694 
702 
691 
6 9  
725 
733 
723 
728 
734 
7 P  
759 
770 
768 
785 
792 
787 
776 
784 
799 
819 
823 

5578 
825 
8 9  
857 
875 
884 
899 

901 
925 

9 8  

425.464 
425.564 
425.664 
425.764 
425.954 
426.09 
426.254 
426.554 
427.244 
427.344 
427.444 
427.544 
427.740 
427.840 
427.940 
428.040 
428.334 
428.434 
428.534 

428.924 
429.024 
429.124 
429.224 
429.420 

429.620 
429.714 
43.814 
430.014 
430.117 
430.210 
430.310 
430.410 
430.604 
430.704 
430.804 
430.904 
431. Odc 
431.134 
431.200 
431.294 
431.394 
431.494 

428.630 

429.520 

953 
9% 
968 
954 
988 

1007 
1033 

990 
1137 
1194 
1181 
1198 
1235 
1255 
1247 
1247 

1497 
1498 
1 5 6  
1538 
1546 
1561 
1574 
1644 
1705 
1701 
1701 
17% 
1764 
1770 
1810 
1855 
1857 
1897 
1892 
1940 
1945 
1946 
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Dimensions Weights 

Diameter, in .  . . . . . 17.16 
Overall length, i n .  . . 17.27 
Wall thickness, i n .  . . 0.03 
Throat diameter, i n .  . . 1.10 
Exit diameter, in .  . . . 6.02 
Expansion r a t i o  . . . . 3O:l 

Performance 

Chamber, l b  . . . . 10.00 
Liner and 

insulat ion,  l b  . . 3.60 
Nozzle, l b  . . . . . 5.29 
Snap r ing,  l b  . . . . 0.13 
Ign i t e r ,  l b  . . . . . 0.47 
Propellant,  l b  . . 139.6 
Burnout, l b  . . . . . 18.3 
Total,  l b  . . . . . 159.1 

Average 
pressure, lb/sq in .  . . . 500 

Average t h r u s t ,  l b  . . . . 860 
Total  burning 

time, sec . . . . . . . . 43 
Total  impulse, lb-sec . . 37,000 
Propellant spec i f i c  

impulse, 8ec . . . . . . 265 
Motor spec i f i c  

impulse, sec . . . . . . 233 

Figure 2. - Cetus-I characteristics. 
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Figure 4.- Velocity package and adaptor.  L-62-925 
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Figure 6.- Vehicle p r i o r  t o  launch. L-62-944 
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